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OBJECTIVES 


The  objectives  of  this  work  are  to  develop  and  implement  numerical  simulation  techniques 
that  would  enable  us  to  understand  the  mechanisms  of  mixing  and  chemical  reaction  in 
unpremixed  turbulent  reactive  flows.  In  particular,  we  are  interested  in  (1)  simulating 
spatially  evolving  flames  and  studying  the  phenomenon  of  flame  extinction  for  an  Arrhenius 
reaction  rate,  (2)  understanding  the  mixing  process  in  parallel  shear  layers,  and  (3) 
investigating  the  dynamics  of  molecular  mixing  in  homogeneous  turbulent  flows. 

The  interest  in  simulating  spatially  evolving  flames  was  mainly  motivated  by  the  fact  that 
most  of  the  flows  of  practical  interest  are  spatially  developing,  and  there  is  a  need  to  develop 
and  implement  numerical  schemes  that  are  capable  of  simulating  such  flows  accurately.  In 
particular,  the  spatial  evolution  of  a  nonequilibrium  diffusion  flame  and  the  phenomenon  of 
lift-off  in  turbulent  unpremixed  flames  have  been  the  subjects  of  our  investigation. 

The  interest  in  understanding  mixing  in  parallel  shear  layers  mainly  stems  from  the  results 
of  recent  experimental  observations  at  Cal-Tech  and  Stanford.  These  experiments  show 
strong  evidence  of  mixing  asymmetry  in  mixing  layers  and  point  to  the  shortcomings  of  the 
previously  developed  advanced  turbulence  models  in  attempting  to  describe  the  mixing 
process  in  such  flows  and,  hence,  the  need  for  developing  new  models  to  describe  the  process 
of  convective  mixing  in  shear  layer  configurations. 

Finally,  the  simulations  of  homogeneous  turbulent  flows  were  undertaken  to  investigate  the 
isolated  effects  of  molecular  mixing  in  turbulent  flows.  This  study  was  performed  to  assess  the 
validity  of  stochastic  models  in  turbulence  and  to  address  the  advantages  or  the  shortcomings 
of  many  popular  mixing  and  reaction  models  that  have  been  extensively  employed  for 
predicting  the  conversion  rates  of  the  reactants  in  unpremixed  turbulent  reactive  flows. 

The  approach  followed  in  this  work  is  based  on  the  direct  numerical  simulation  (DNS) 
method.  This  method  involves  the  accurate  solving  of  the  appropriate  convection-diffusion- 
reaction  transport  equations  of  turbulent  flows  by  means  of  very  accurate  numerical 
simulations  so  that  no  turbulence  modeling  is  required.  This  approach  has  proven  successful 
in  investigating  various  aspects  of  turbulent  reactive  flows  in  general  (for  a  review,  see  Jou 
and  Riley,  1987),  and,  as  will  be  seen  in  the  next  section,  it  provided  a  very  valuable  tool  in 
our  numerical  experiments. 


STATUS  OF  THE  RESEARCH 

During  the  three-year  period  of  this  research,  we  concentrated  on  both  code  development 
and  on  extracting  useful  information  from  the  results  of  numerical  simulations.  A  systematic 
approach  was  followed,  and  the  results  of  every  step  were  submitted  for  publication  in 
appropriate  combustion  and  thermal  sciences  journals.  All  these  papers  are  provided  in 
Appendices  I  through  VII.  In  this  section,  the  important  findings  of  our  investigation  are 
briefly  presented. 
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In  the  first  year  of  this  research,  we  focused  on  an  initial  understanding  of  the  physical 
aspects  of  the  problem  through  simulations  of  two-dimensional  flows.  Specifically,  we  exam¬ 
ined  the  effects  of  large  coherent  structures  in  two-dimensional,  unpremixed  shear  flows 
under  either  temporally  evolving  or  spatially  developing  assumptions.  The  results  are  sum¬ 
marized  below. 

1.  In  a  two-dimensional  temporally  evolving  mixing  layer,  a  temperature-dependent  chemi¬ 
cal  reaction  was  incorporated  into  a  computer  code  that  uses  pseudospcctral  numerical 
methods.  The  nonequilibrium  effects  leading  to  the  local  quenching  of  a  diffusion  flame 
were  investigated.  The  results  indicated  that  the  most  important  parameter  to  be  con¬ 
sidered  for  flame  extinction  is  the  local  instantaneous  scalar  dissipation  rate  conditioned 
at  the  scalar  stoichiometric  value.  At  locations  where  this  value  is  increased  beyond  a 
critical  value,  the  local  temperature  decreases  and  the  instantaneous  reaction  rate  drops 
to  zero,  leading  to  the  local  quenching  of  the  flame.  This  finding  is  consistent  with  the 
model  of  Peters  and  Williams  (1983),  who  proposed  that  in  a  turbulent  mixing  layer,  the 
turbulent  eddies  produce  highly  stretched  and  contorted  sheets  across  which  molecular 
diffusion  of  species  occurs.  Combustion  appears  as  laminar  flamelets  on  these  sheets, 
and  the  flame  would  be  extinguished  if  the  strain  rate  is  sufficiently  high  that  the  local 
reduced  Damkohler  number  is  lower  than  the  critical  value  (Linan,  1974).  This  work 
was  published  by  Givi  et  al.  (1987a)  and  is  included  in  this  report  as  Appendix  I. 

2.  For  the  purpose  of  simulating  spatially  developing  flows,  as  an  initial  effort,  a  two- 
dimensional  hybrid  pseudospectral-finite  difference  code  was  developed.  The  spectral 
method  using  Fourier  transforms  was  employed  for  the  periodic  direction  of  the  flow, 
whereas  the  finite  difference  method  using  a  second-order  upwind  scheme  was  used  for 
the  discretization  of  the  equations  in  the  direction  of  the  spatial  development.  The 
resulting  code  was  used  for  simulating  the  pretransitional  region  of  a  laboratory  mixing 
layer.  The  asymmetric  nature  of  the  mixing  process  was  numerically  simulated  and  the 
"preferred"  mixed  concentration  value  (Masutani  and  Bowman,  1987)  was  numerically 
calculated  by  constructing  the  profiles  of  the  probability  density  functions  (PDFs)  of  a 
passive  scalar  quantity  across  the  shear  layer.  The  results  of  this  simulation  were  also 
used  to  explain  the  shortcomings  associated  with  turbulence  models  using  simple  eddy- 
diffusivity  concepts  to  model  the  convective  flux  of  the  PDF,  such  as  the  one  used  previ¬ 
ously  by  Givi  ct  al.  (1985).  This  work  was  published  by  Givi  and  Jou  (1988a)  and  is 
included  as  Appendix  II. 
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Second-Year  Effort 

During  the  second  year  of  this  research,  we  were  primarily  concerned  with  developing 
very  accurate  computational  tools  for  simulations  of  three-dimensional  spatially  developing 
turbulent  flows.  At  the  same  time,  we  also  continued  our  study  to  better  understand  the  phy¬ 
sics  of  mixing  in  parallel  flows.  Our  accomplishments  during  this  year  are  summarized  below. 

1 .  Our  experience  from  the  results  obtained  during  the  first-year  effort  indicated  a  need  for 
developing  a  more  accurate  code  than  the  previously  used  hybrid  spectral-finite  differ- 
cree  code  for  the  simulation  of  spatially  evolving  flows.  The  main  problem  associated 
with  second-order  finite  difference  methods  is  that  this  form  of  discretization  requires  a 
maximum  cell  Reynolds  (Peclet)  number  of  2  (Roache,  ly72)  for  accurate  calculations. 
This  means  that  one  has  to  use  a  large  number  of  grid  points  to  capture  the  physics  of 
the  problem.  To  circumvent  this  problem,  different  types  of  upwind  differencing  have 
usually  been  used  (for  a  recent  review  of  different  upwind  schemes,  see  Leonard,  1988). 
Although  such  schemes  result  in  an  improvement  of  the  capability  in  resolving  sharp  gra¬ 
dients  for  moderate-Reynolds-number  flow  simulations,  they  contain  an  artificial 
(unphysical)  numerical  viscosity  (diffusivity),  which  is  not  desirable.  Givi  and  Jou 
(1988a)  and  Lowrey  and  Reynolds  (1987)  were  not  very  concerned  with  that  problem 
because  their  simulations  were  restricted  to  nonreacting  flows  in  which  the  effects  of 
molecular  viscosity  were  not  significant 

In  reacting  flow  simulations,  however,  the  upwind  differencing  can  lead  to  large 
errors,  because  the  physics  of  the  problem  is  directly  influenced  by  the  diffusion  coeffi¬ 
cient,  and  the  presence  of  the  artificial  viscosity  results  in  the  unphysical  higher  reaction 
conversion  rates  (Jou  and  Riley,  1987).  To  improve  the  scheme,  one  can  use  higher- 
order  (than  the  second-order)  differencing  schemes  to  better  resolve  the  sharp  gradients. 
The  convergence  of  the  finite  difference  scheme  is  algebraic  in  nature.  This  is  in  con¬ 
trast  to  the  spectral  convergence  of  a  pseudospectral  scheme. 

Presumably,  the  finite  difference  discretization  can  be  replaced  by  spectral  methods 
using  Chebyshev  expansions  in  the  direction  of  spatial  development  (with  nonperiodic 
boundary  conditions)  of  the  flow.  The  Chebyshev  polynomials  do  not  require  periodi¬ 
city  (as  Fourier  polynomials  do)  and  can  be  employed  for  any  type  of  boundary  condi¬ 
tions.  In  practice,  however,  the  distance  between  the  Chebyshev  collocation  points  near 
the  boundaries  becomes  extremely  small  if  higher-order  polynomials  are  used  to  discre¬ 
tize  a  large  computational  domain.  Consequently,  time  integration  becomes  very  stiff 
due  to  numerical  stability  restrictions  (Roache,  1972).  Also,  the  relative  grid  density 
cannot  be  adjusted  to  reflect  the  flow  physics.  A  compromise  between  numerical  accu¬ 
racy  and  efficiency  may  be  achieved  by  combining  the  accuracy  obtained  by  spectral 
methods  with  the  versatility  offered  by  other  numerical  schemes,  such  as  finite  element 
methods.  Such  a  scheme  has  recently  been  introduced  by  Patera  (1984)  with  the  capa¬ 
bility  of  dealing  with  complex  flows  such  as  spatially  developing  turbulent  flows.  This 
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approach  of  combining  the  accuracy  of  spectral  methods  with  the  versatility  of  finite  ele¬ 
ment  techniques  is  more  flexible  than  either  technique  alone  could  be  and,  thus,  pro¬ 
vides  a  logical  way  of  dealing  with  complex  boundary  conditions. 

For  the  reasons  given  above,  it  was  decided  to  implement  this  "new  technology" 
based  on  a  spectral-element  method  into  our  direct  numerical  simulations  of  a  turbulent 
diffusion  flame.  This  p-type  finite  element  method  divides  the  streamwise  direction  into 
a  number  of  elements,  and,  within  each  element,  the  thermo-fluid  variables  are 
represented  by  Chebyshev  polynomials.  The  governing  equations  are  approximately 
satisfied  by  the  discretized  system  at  the  collocation  points  within  each  element.  The 
compromise  between  the  accuracy  and  the  efficient  time  integration  can  be  achieved  by 
adjusting  the  number  of  finite  elements  and  the  order  of  Chebyshev  polynomials  in  each 
element.  By  increasing  the  number  of  elements  and  using  moderately  low-order  polyno¬ 
mials  within  each  element,  the  stiffness  in  time  integration  can  be  avoided  while  high 
accuracy  is  maintained. 

A  complete  description  of  the  algorithm  was  provided  in  our  last  annual  report  (Givi 
et  al.,  1987b).  Most  of  our  efforts  during  the  second  year  were  focused  on  developing, 
debugging  and  implementing  the  spectral-element  code  to  simulate  a  three-dimensional 
spatially  developing  mixing  layer  under  the  influence  of  nonequilibrium  chemical  reac¬ 
tions.  In  this  code,  spectral  methods  using  Fourier  expansions  arc  implemented  in  two  of 
the  directions  with  periodic  (or  even-odd)  boundary  conditions,  and  spectral-element 
methods  using  Chebyshev  polynomials  are  employed  in  the  direction  of  spatial  evolution. 

2.  During  the  second  year,  we  also  continued  our  study  on  the  mixing  phenomenon  in 
parallel  shear  layers.  This  study  was  motivated  by  the  findings  of  Kosaly  and  Givi 
(1987),  who  showed  that  the  behavior  of  the  PDFs  of  a  conserved  scalar  property  is  sen¬ 
sitive  to  the  choice  of  the  molecular  mixing  model  employed  in  the  PDF  transport  equa¬ 
tion.  Therefore,  the  calculated  PDFs  of  a  conserved  scalar  quantity  was  carried  out  in  a 
temporally  evolving  flow,  and  it  was  emphasized  that  indeed  it  is  the  shortcomings  asso¬ 
ciated  with  the  gradient  diffusion  modeling  and  not  the  coalescence/dispersion  (C/D) 
modeling  that  cannot  predict  the  location  and  magnitude  of  the  PDF  of  the  mixed  fluid 
concentration  in  parallel  two-stream  layers.  This  study  points  to  the  need  for  advancing 
turbulence  models  that  predict  the  turbulent  convective  fluxes  of  the  PDF  in  the  physi¬ 
cal  space  more  accurately.  This  work  was  published  by  Givi  and  McMurtry  (1988a)  and 
is  included  as  Appendix  III. 

3.  One  of  the  final  achievements  during  the  second-year  included  the  publication  of  an 
updated  review  article  on  direct  numerical  simulations  of  turbulent  reactive  flows  (Jou 
and  Riley,  1987).  This  review,  which  resulted  from  an  invitation  extended  to  Dr.  Jou 
(the  lead  author  of  the  review  and  the  principal  investigator  of  this  contract),  includes  a 
very  recent  bibliography  of  directly  relate  ^  work  in  DNS  and  state-of-the-art  computa¬ 
tional  methods  in  numerical  combustion.  A  copy  of  this  invited  review  paper  is  included 
as  Appendix  IV. 
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Third-Year  Effort 

The  final  year  of  this  research  was  particularly  fruitful  in  that  the  results  of  our  numerical 
experiments  from  the  codes  developed  in  the  previous  year  started  to  emerge.  In  this  year,  we 
continued  our  research  in  two  parallel  directions.  In  one  study,  we  investigated  the  spatial 
convolution  of  a  reacting  mixing  layer  under  the  influence  of  nonequilibrium  chemical  reac¬ 
tions  and  employed  the  above-mentioned  spectral-element  code  for  the  simulations.  In 
another  study,  we  employed  DNS  to  study  a  reaction  of  the  type  A  +  B  =  Products  in  a  homo¬ 
geneous  turbulent  flow  in  which  the  influence  of  molecular  mixing  was  insulated  and  was  stu¬ 
died  in  detail.  The  first  study  is  in  the  direction  of  simulating  spatially  developing  diffusion 
flames  and  studying  the  phenomenon  of  lift-off  in  such  flames,  while  the  second  study  was 
motivated  by  the  conclusions  drawn  from  the  work  of  Kosaly  and  Givi  (1987).  A  brief  dis¬ 
cussion  of  our  findings  is  given  below. 

1.  As  an  initial  effort,  the  two-dimensional  option  of  our  spectral-element  code  was 
employed  to  examine  the  compositional  structure  of  a  diffusion  flame  near  extinction.  In 
this  work,  the  structure  of  a  nonequilibrium  flame  stabilized  on  a  harmonically  forced 
mixing  layer  was  simulated  by  the  spectral-element  code.  The  instantaneous  data 
obtained  by  these  simulations  were  statistically  analyzed,  and  the  statistical  results  show 
favorable  agreement  with  recent  experimental  data.  It  was  shown  that  by  increasing  the 
intensity  of  mixing  (decreasing  the  local  Damkohler  number),  the  flame  extinction 
phenomenon  is  more  pronounced.  The  results,  in  particular,  indicated  that  as  the  flame 
approaches  extinction,  the  mean  and  the  rms  values  of  the  reactants’  concentration  fluc¬ 
tuations  increase,  whereas  those  of  the  product  species  and  temperature  decrease.  These 
results  also  confirmed  our  previous  findings  that  as  the  magnitude  of  the  local  dissipation 
rate  is  increased,  the  diffusion  lame  cannot  keep  pace  with  the  large  diffusive  flux  of 
the  reactants  into  the  reaction  zone.  As  a  result,  the  magnitude  of  the  temperature  drops 
and  the  reaction  rate  locally  reduces  to  zero.  However,  it  was  concluded  that  the  calcu¬ 
lations  should  be  extended  for  three-dimensional  flows  for  a  more  meaningful  com¬ 
parison  with  the  data  obtained  for  a  turbulent  flame.  This  work  was  submitted  for  publi¬ 
cation  by  Givi  and  Jou  (1988b),  and  is  included  as  Appendix  V. 

2.  The  boundaries  of  our  research  were  further  extended  in  this  year  by  examining  the 
phenomenon  of  mixing  in  turbulence  from  another  perspective.  It  was  decided  to  study 
mixing  in  a  context  that  has  been  extensively  investigated  by  the  chemical  engineering 
community,  and  there  is  an  extensive  body  of  literature  available  on  their  analyses.  The 
type  of  flows  considered  arc  homogeneous,  incompressible  flows,  and  the  type  of  reac¬ 
tion  is  a  single-step  irreversible  reaction  of  the  type  A  +  B  =  Products.  Such  homogene¬ 
ous  flows  have  the  advantage  that  the  effects  of  molecular  mixing  are  isolated  from  other 
factors  influencing  the  rate  of  reactant  conversion.  Therefore,  they  make  an  excellent 
system  in  which  the  dynamics  of  molecular  mixing  can  be  investigated. 
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As  an  initial  effort,  we  concentrated  on  the  applicability  of  Toor’s  hypothesis  (Toor, 
1962,  1969,  1975)  for  the  prediction  of  the  reaction  conversion  rate  in  homogeneous  tur¬ 
bulent  flows.  According  to  this  hypothesis,  if  the  reactants  are  introduced  at 
stoichiometric  conditions  in  a  homogeneous  flow,  the  rate  of  decay  of  the  "unmixedness" 
term  is  independent  of  the  rate  of  the  chemical  reaction  and  is  the  same  under  both  non¬ 
reacting  and  reacting  unpremixed  conditions.  This  hypothesis,  which  has  been 
employed  extensively  by  the  chemical  engineering  community,  reduces  the  problem  of 
turbulent  reaction  to  the  simpler  (but  yet  unsolved)  problem  of  turbulent  mixing. 
Although  there  is  an  extensive  body  of  experimental  data  available  for  validating  Toor’s 
hypothesis  (see  Brodkey,  1981,  for  a  recent  review),  there  have  not  been  any  formal 
"analytical"  attempts  to  validate  it. 

Givi  and  McMurtry  (1988b)  used  direct  numerical  simulations  to  validate  Toor’s 
hypothesis  in  a  systematic  manner.  For  that  purpose,  they  simulated  a  three-dimensional 
homogeneous  "box"  flow  under  the  influence  of  a  stoichiometric  reaction  of  the  type  A  + 
B  =  Product  Calculations  were  performed  with  zero  rate  and  infinitely  fast  rate  kinetics. 
The  results  of  simulations  indicated  that  the  PDF  of  a  conserved  Shvab-Zeldovich  scalar 
quantity  (which  characterizes  mixing)  evolves  from  an  initial  "double-delta  function"  dis¬ 
tribution  to  an  asymptotic  shape  that  can  be  approximated  by  a  Gaussian  distribution. 
Givi  and  McMurtry  (1988b)  theoretically  showed  that  Toor’s  hypothesis  would  be  valid 
if  (and  only  iO  the  transport  of  the  PDF  can  be  characterized  by  the  variation  of  its  first 
two  moments.  However,  the  results  of  the  numerical  experiments  indicated  that  this  is 
not  the  case  in  an  initially  unpremixed  system,  in  that  the  evolution  of  the  PDF  from  an 
initially  "double  delta  function"  to  an  asymptotic  Gaussian  distribution  cannot  be 
described  by  the  first  two  moments  of  the  PDF.  Based  on  these  results,  Givi  and 
McMurtry  (1988b)  suggested  a  revision  of  Toor’s  hypothesis  and  showed  that,  while  the 
hypothesis  is  valid  for  the  initial  stages  of  mixing,  it  should  be  modified  to  describe  the 
asymptotic  stages  correctly.  The  form  of  the  suggested  revision  depends  on  the  asymp¬ 
totic  shape  of  the  PDF  distribution.  Givi  and  McMurtry  (1988b)  developed  an  analytical 
expression  for  the  case  of  an  asymptotic  Gaussian  PDF  distribution,  and  the  results 
based  on  this  expression  and  those  obtained  by  DNS  data  compared  very  well.  In  con¬ 
clusion,  it  was  suggested  that  the  laboratory  experimental  data  available  on  this  type  of 
flows  should  be  examined  more  carefully  if  they  are  to  be  used  to  validate  Toor’s 
hypothesis.  The  work  by  Givi  and  McMurtry  (1988b)  is  included  as  Appendix  VI. 

3.  The  work  of  Givi  and  McMurtry  (1988b)  indicated  a  need  to  study  molecular  mixing 
from  a  more  fundamental  point  of  view.  The  results  of  this  work,  and  those  of  the  previ¬ 
ous  work  of  Kosaly  and  Givi  (1987),  encouraged  us  to  compare  the  results  obtained  by 
DNS  to  those  predicted  by  a  class  of  C/D  models  that  have  been  widely  used  to  simulate 
mixing  in  homogeneous  turbulence.  Among  the  family  of  C/D  models,  the  closures  of 
Curl  (1963)  and  Janicka  et  al.  (1979),  and  the  LMSE  approximation  of  Dopazo  and 
O’Brien  (1976),  have  been  very  popular  in  the  literature  and  were  chosen  for  the  pur¬ 
pose  of  comparison  to  DNS  data. 


Again,  a  three-dimensional  homogeneous  "box"  flow  was  the  subject  of  our  numerical 
investigation.  The  evolution  of  the  PDFs  of  a  random  scalar  variable  was  compared  with 
that  obtained  by  the  Monte-Carlo  (Pope,  1981)  calculations  of  a  stochastic  C/D  transport 
equation  for  a  system  with  the  same  initial  statistical  distribution  as  that  of  the  DNS. 
The  comparison  with  DNS  data  resulted  in  a  number  of  very  useful  findings,  which  are 
documented  in  detail  in  Appendix  VII,  and  is  only  briefly  discussed  here. 

Our  data  showed  that  the  initial  stages  of  the  mixing  process  are  well  predicted  by 
applying  the  LMSE  closure  of  Dopazo  and  O’Brien  (1976).  However,  as  mixing 
proceeds  at  intermediate  times,  the  experimental  results  fall  between  those  obtained  by 
the  two  closure  models  of  Dopazo  and  O’Brien  and  Janicka  et  al.  (1979).  Curl’s  model 
(1963)  resulted  in  the  least-accurate  predictions.  Therefore,  a  C/D  model  between  these 
two  closures  is  expected  to  result  in  a  favorable  comparison  with  our  experimental  data. 
The  final  stages  of  mixing  were  not  well  predicted  by  any  of  the  C/D  models  in  that  all 
of  the  closures  predicted  an  increase  without  bounds  of  the  fourth-  and  higher-order 
concentration  moments  of  the  random  scalar,  whereas  our  data  indicated  the  asymptotic 
distribution  of  the  moments  of  the  scalar  can  be  approximated  by  a  Gaussian  distribution 
(with  finite  central  moments).  The  exception  was  the  Dopazo-O’Brien  model,  which 
predicted  unphysical  constant  moments  during  all  stages  of  mixing.  This  shortcoming 
associated  with  C/D  modeling  has  been  previously  recognized  by  Pope  (1982),  who  sug¬ 
gested  an  improved  mixing  model  by  an  age-biasing  technique  to  the  C/D  modeling. 
This  improved  model  is  plausible  in  that  it  results  in  a  Gaussian  asymptotic  PDF;  how¬ 
ever,  it  is  not  capable  of  predicting  the  initial  stages  of  mixing  accurately.  The  results  of 
our  numerical  experiments  can  be  useful  for  constructing  a  mixing  model  (or  models) 
that  can  accurately  predict  all  the  stages  of  molecular  mixing.  Such  a  task,  however,  was 
not  performed  in  this  work  and  was  postponed  to  our  future  investigations. 

A  number  of  other  useful  realizations  were  also  made  in  regard  to  the  statistical  vari¬ 
ations  of  tht  scalar  quantities  under  no  reaction,  finite-rate  reactions,  and  infinitely  fast 
reaction  rates.  The  results  were  further  analyzed  in  conjunction  with  applying  Toor’s 
hypothesis  (Toor,  1962).  These  observations,  including  our  other  major  conclusions 
based  on  the  numerical  experiments,  were  documented  and  submitted  for  publication  by 
McMurtry  and  Givi  (1988).  This  manuscript  is  included  in  this  report  as  Appendix  VII. 


TR-440/03-88 


7 


CURRENT  ACTIVITIES 

In  our  final  effort  during  the  closing  months  of  this  program,  we  concentrated  on  simula¬ 
tions  of  turbulent,  three-dimensional,  spatially  developing  flows,  which  were  the  main  focus  of 
the  proposal.  From  the  physical  point  of  view,  this  type  of  flow  is  the  most  interesting,  and 
from  the  computational  point  of  view,  they  are  the  most  challenging.  In  this  section,  the 
results  of  our  preliminary  calculations  of  a  turbulent  shear  layer  are  presented.  However,  as 
will  be  seen  below,  we  are  presently  only  at  the  initial  stages  of  these  simulations,  and  some 
additional  work  is  required  for  an  in-depth  understanding  of  the  complex  physical 
phenomena.  Nevertheless,  the  results  obtained  to  date  are  extremely  encouraging,  and  form  a 
starting  place  for  future  simulations. 

In  this  effort,  the  three-dimensional  "option"  of  our  spectral-element  computer  code,  which 
was  developed  during  the  second  year  of  this  research  (Givi  et  al.,  1987b),  was  employed  to 
simulate  a  turbulent,  three-dimensional,  spatially  developing  flow  under  the  influence  of  a 
second-order  Arrhenius  chemical  reaction.  It  would  have  been  desirable  to  simulate  the  spa¬ 
tial  development  of  the  flow  under  the  influence  of  random  perturbation  (with  a  specified  tur¬ 
bulence  spectrum)  at  the  inlet  of  the  mixing  layer.  In  this  way,  the  response  of  the  shear  layer 
to  the  random  forcing  would  resemble  that  of  a  laboratory  experiment  under  the  influence  of 
random  upstream  turbulence.  However,  in  the  coarse  simulations  performed  here,  only  the 
response  of  the  layer  to  a  harmonic  forcing  is  presented.  In  the  only  three-dimensional  simu¬ 
lations  performed,  in  addition  to  the  primary  perturbation  and  random  phase  shifting  between 
the  modes  [see  Appendix  V,  Equation  (6)],  a  secondary  perturbation  of  the  following  form 
was  also  added  to  the  random  velocity  perturbation: 

(1) 

Low-resolution  calculations  with  211  Chebyshev  spectral  points  in  the  streamwise  X- 
direction  and  with  only  64-32  Fourier  modes  in  the  cross-stream-spanwise  directions  were 
performed,  and  the  results  are  presented  here.  If  infinitely  fast  kinetics  are  assumed  to 
describe  the  chemical  reactions  (local  chemical  equilibrium),  the  convolution  of  the  flame 
structure  would  be  described  by  the  transport  of  a  conserved  Shvab-Zeldovich  scalar  variable, 
as  presented  in  Fig.  1.  In  this  figure,  the  convolution  of  the  flame  sheet  and  the  influences  of 
both  the  primary  and  secondary  structures  of  the  layer  on  the  distortion  of  the  flame  sheet  in 
the  three-dimensional  flow  are  displayed.  It  is  shown  that,  after  the  initial  stages  of  primary 
growth,  the  secondary  streamwise  structures  play  significant  roles  on  enhancement  of  the  reac¬ 
tion  and  convolution  of  the  flame  surface.  The  effects  of  such  spanwise  structures  can  be 
better  observed  in  the  three-dimensional  contours  of  the  streamwise  vorticity  in  Fig.  2  and  the 
absolute  value  of  the  vorticity  in  Fig.  3.  These  figures  clearly  display  the  presence  of  the  vor¬ 
tex  ribs  and  the  nonlinear  growth  of  the  secondary  perturbations  at  the  region  further  down¬ 
stream  of  the  splitter  plate. 
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A  better  display  of  the  secondary  structures  is  presented  in  the  two-dimensional  contour 
plots  in  Figs.  4  and  5.  These  figures  show  the  streamwise  contours  of  the  X-component  of  the 
vorticity  and  the  streamwise  contours  of  the  Shvab-Zeldovich  scalar  variables,  respectively. 
Parts  (a)  and  (b)  of  each  figure  represent  conditions  at  X  »  132  and  X  *  185  Chebyshev  collo¬ 
cation  planes,  respectively.  It  is  interesting  to  note  that,  even  in  this  low-resolution  simulation, 
the  physics  of  the  mixing  layer  represented  by  the  counter-rotating  vortices  and  the 
"mushroom-like"  structure  of  the  scalar  variable  are  well-captured  and  resemble  those  recently 
observed  in  the  experiments  of  Bernal  and  Roshko  (1986).  However,  finer-grid  simulations 
are  required  to  capture  such  structures  more  distinctively. 

The  influence  of  complex  vortex  structures  and  the  effects  of  increasing  the  local  strain 
rate  due  to  the  three-dimensional  vorticity  convolution  on  the  structure  of  the  diffusion  flame 
are  shown  in  Figs.  6  and  7.  These  figures  represent  the  instantaneous  values  of  the  recorded 
temperature  across  the  shear  layer  (at  Z  =  0)  as  a  function  of  the  mixture  fraction.  These 
instantaneous  data  were  constructed  from  an  ensemble  of  1 1 5,200  (3600  realizations  multi¬ 
plied  by  32  cross-stream  points)  instantaneous  data  points.  Fig.  6  represents  conditions  at  the 
region  close  to  the  inflow  where  the  dissipation  rate  is  low,  whereas  Fig.  7  shows  the  overall 
behavior  further  downstream,  with  increasing  magnitude  of  the  local  strain.  It  is  shown  in 
these  figures  that  when  the  dissipation  rate  is  low  (Fig.  6),  the  magnitude  of  the  temperature 
increases  monotonically  with  the  mixture  fraction  and  attains  maximum  values  at  the  region 
close  to  the  stoichiometric  value  (equal  to  0.5  in  this  case),  and  then  it  monotonically 
decreases  to  the  ambient  temperature  as  the  value  of  the  mixture  fraction  increases.  In  this 
case,  the  instantaneous  values  of  the  temperature  are  always  close  to  the  equilibrium  tempera¬ 
ture  (not  shown  here).  However,  when  the  magnitude  of  the  dissipation  is  increased,  as  shown 
in  Fig.  7,  the  values  of  the  temperature  drop,  and  there  are  possibilities  of  having  mixture  tem¬ 
peratures  close  to  the  ambient  value  even  at  the  stoichiometric  value  of  the  mixture  fraction. 
This  behavior,  which  has  been  clearly  observed  in  laboratory  nonequilibrium  flames  (see  Wil¬ 
liams,  1987,  for  a  recent  review),  indicates  extinction  and  the  local  quenching  of  the  diffusion 
flame  at  the  regions  of  large  dissipation  rates. 

It  would  be  very  interesting  to  examine  the  behavior  of  the  flame  in  the  presence  of  ran¬ 
dom  three-dimensional  perturbations  imposed  at  the  inlet  of  a  spatially  developing  mixing 
layer.  In  that  case,  the  structures  of  the  "holes"  that  are  randomly  punched  into  the  flame 
sheet  can  be  described  more  realistically.  Our  future  calculations  with  more  realistic  initiali¬ 
zations  and  with  finer-resolution  simulations  are  essential  in  addressing  the  interesting 
behavior  of  the  lift-off  phenomenon  (as  a  result  of  "many  holes  within  the  flame  network")  in 
unpremixed  flames. 
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MIXTURE  FRRCTION 


Figure  6.  Instantaneous  temperature  as  a  function  of 
mixture  fraction 
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FLAME  EXTINCTION  IN  A  TEMPORALLY  DEVELOPING 
MIXING  LAYER 


P.  GIVI,  W.-H.  JOU  and  R.  W.  METCALFE 

Abstract 

Nonequilibrium  effects  leading  to  the  local  quenching  of  a  diffusion  flame 
have  been  investigated  by  examining  the  evolution  of  large-scale  structures  in 
a  two-dimensional  temporally  developing  mixing  layer.  Pseudospectral  calcula¬ 
tions  of  a  temperature-dependent,  nonpremixed,  constant-density,  reacting 
shear  layer  indicate  that  the  primary  important  parameter  to  be  considered  for 
flame  extinction  is  the  local  instantaneous  scalar  dissipation  rate,  condi¬ 
tioned  at  the  scalar  stoichiometric  value  (Xgt)*  At  locations  where  this 
value  is  increased  beyond  a  critical  value  (X^),  the  local  temperature 

decreases  and  the  instantaneous  reaction  rate  drops  to  zero.  This  is  consis¬ 
tent  with  the  results  of  perturbation  methods  employing  large  activation 
energy  asymptotics  for  the  study  of  flame  extinction  in  nonpremixed  flames. 

1.  Introduction 

A  diffusion  flame  is  characterized  by  a  chemical  reaction  time  that  is 
usually  much  smaller  than  a  characteristic  diffusion  time.  The  chemical  reac¬ 
tions  occur  in  a  narrow  zone  between  the  fuel  and  the  oxidizer,  where  the  con¬ 
centrations  of  both  reactants  are  very  small.  The  rate  at  which  the  reactants 
flow  into  the  reaction  zone,  and  therefore  the  characteristic  time  of  the  flame, 
is  dependent  on  the  hydrodynamics  of  the  particular  flow.  As  the  characteristic 
time  of  the  chemical  reactions  decreases,  this  reaction  region  becomes  infinite¬ 
simally  thin.  In  this  limit  the  chemical  reaction  zone  approaches  a  "flame 
sheet"  (local  chemical  equilibrium^),  where  the  concentrations  of  both  reac¬ 
tants  are  very  low  and  the  rate  of  combustion  is  governed  by  the  rate  at  which 
fuel  and  oxidizer  flow  into  the  reaction  zone.  The  flame  sheet  assumption  is 
justified  by  the  very  fast  chemical  reaction  rate  of  the  diffusion  flame.  This 
assumption  significantly  reduces  the  complexity  of  the  problem  since  it  eli¬ 
minates  the  analysis  associated  with  the  chemical  kinetics.  For  many  flows 
whose  characteristic  time  scale  of  chemical  reaction  is  much  smaller  than  the 


hydrodynamic  (convective-diffusive)  time  scale,  the  assumption  of  local  chemical 


equilibrium  adequately  predicts  the  location  and  the  shape  of  the  flame* 

One  important  feature  of  the  calculations  based  on  the  fast  chemistry  model  is 

2 

the  introduction  of  a  passive  Shvab-Zeldovich  conserved  scalar  variable  (Z), 
which  is  independent  of  the  chemical  kinetics.  From  this  quantity,  the  evolu¬ 
tion  of  the  concentration  fields  of  both  the  reactants  and  the  products  can  be 
c  omputed . 

In  turbulent  flows,  however,  the  local  characteristic  flow  time  scales  vary 
considerably.  As  a  result,  many  important  and  interesting  problems  that  can¬ 
not  be  analyzed  by  local  chemical  equilibrium  assumptions  are  introduced. 

3 

Experimental  studies  of  Tsuji  show  that  as  the  local  characteristic  diffusion 
time  becomes  shorter  and  approaches  the  order  of  magnitude  of  the  chemical  time 


C 


scale,  the  details  of  the  chemical  reactions  cannot  be  neglected.  If  the  flow 

of  reactants  into  the  reaction  zone  increases  further,  causing  the  diffusion 

time  scale  to  be  reduced  more,  the  chemical  reaction  will  not  be  able  to  keep 

pace  with  the  further  supply  of  reactants.  The  reaction  rate  will  be  reduced, 

A 

and  local  quenching  occurs.  As  shown  by  Peters,  further  reduction  of  the 
diffusion  time  scale  leads  to  lift-off  and  the  blow-off  of  the  entire  flame. 

As  noted  by  both  Tsuji  and  Peters,  the  consideration  of  flame  extinction  cannot 
be  explained  by  the  flame  sheet  model,  which  assumes  an  infinitely  fast  chemical 
reaction  rate.  Therefore,  in  order  to  address  the  quenching  phenomenon,  the 
structure  of  a  finite  reaction  rate  zone  must  be  studied. 

Linan^  has  employed  a  method  of  matched  asymptotic  expansions  in  the  limit 
of  large  activation  energy  in  an  attempt  to  describe  the  interaction  between 
the  hydrodynamics  and  chemical  reactions  in  the  reaction  zone  of  a  counter¬ 
flowing  laminar  diffusion  flame.  It  has  been  shown  that  activation  energy 
asymptotics  are  very  useful  in  predicting  flame  ignition  and  extinction 
characteristics  in  such  flows.  This  technique  was  extended  to  turbulent  flows 


by  Peters 


by  considering  turbulent  diffusion  flames  as  an  ensemble  of  laminar 
diffusion  flamelets.^  By  introducing  a  local  coordinate  system  that  moves  with 
the  stoichiometric  flame  sheet,  Peters^  was  able  to  recognize  that  the  primary 
"nonequilibrium"  parameter  for  the  analysis  of  the  flame  extinction  is  the  dis¬ 
sipation  rate  of  the  scalar  quantity  evaluated  at  stoichiometric  conditions 
This  quantity  is  viewed  as  the  inverse  of  the  diffusion  time  scale.  If  this 
parameter  is  increased  beyond  a  critical  limit  the  heat  conducted  to  both 

sides  of  the  diffusion  flamelets  cannot  be  balanced  by  the  heat  production  due  to 

chemical  reaction.  At  the  critical  value  of  the  dissipation,  the  finite  rate 

3 

kinetics  balance  the  diffusion.  Some  numerical  calculations,  performed  by 
8  9 

Liew  et  al.  and  compared  with  experimental  data,  show  also  that  as  the  maxi¬ 
mum  value  of  the  dissipation  (X  )  increases,  the  value  of  the  maximum  tempera- 
ture  decreases,  the  reaction  eventually  ceases,  and  the  flame  is  locally  quenched 


These  results  indicate  that  the  dissipation  rate  of  the  conserved  scalar  is 

a  useful  characteristic  to  study  in  the  analysis  of  nonequilibrium  effects 

leading  to  flame  extinction.  In  turbulent  flows,  however,  the  quantity  is 

a  strongly  fluctuating  quantity  that  has  not  yet  been  numerically  computed. 

Instead,  statistical  approaches  have  been  chosen  by  Peters  and  Williams^^  and 

Janicka  and  Peters^^  employing  different  turbulence  closures  in  predicting 

the  lift-off  height  of  a  round  diffusion  jet  flame.  Results  obtained  using 

12 

these  methods  were  compared  with  experimental  data  for  both  methane  and 
natural  gas  flames  and  show  some  correct  order-of-magnitude  predictions.  These 
results  are  encouraging;  however,  with  the  availability  of  larger  computers,  it 
is  now  possible  to  employ  a  more  accurate  treatment  of  the  flame  extinction  and 
local  flame  quenching  that  occur  in  nonpremixed  flames.  It  would  be  very  useful 
to  correlate  the  flame  extinction  with  the  nonequilibrium  parameter 


Also,  it  would  be  very  interesting  to  look,  at  the  structure  of  the  diffusion 
flames  at  the  point  of  extinction.  These  are  the  objectives  of  this  paper. 

The  present  paper  employs  a  direct  numerical  simulation  approach  to 
investigate  the  problem  of  local  flame  extinction  in  a  time-dependent,  two- 
dimensional  mixing  layer.  In  this  flow,  the  governing  equations  are  solved  by 
an  accurate  numerical  method  without  a  closure  model.  The  time-dependent  flow 
field  can  be  analyzed  statistically  to  understand  the  underlying  physics  much 
as  an  experimentalist  does  with  laboratory  data.  The  direct  numerical  simula¬ 
tion  technique  has  recently  been  successfully  applied  to  chemically  reacting 

13  . 

flows.  Riley  et  al.  considered  the  three-dimensional  temporally  growing 
mixing  layer  under  the  simplest  possible  assumption  of  a  constant  rate,  non¬ 
heat-releasing  chemical  reaction.  The  main  contribution  of  the  work,  is  the 

understanding  of  the  effects  of  three-dimensional  mixing  and  the  diffusion  of 

14 

Che  species  on  the  chemical  reactions.  McMurtry  et  al.  considered  the 
effects  of  the  chemical  heat  release  and  the  resulting  density  variation  on  the 
fluid  motion  for  a  two-dimensional  mixing  layer.  The  fluid  dynamics  and  the 
chemical  reaction  are  truly  coupled  in  this  work,  and  the  interplay  between  the 
two  are  discussed.  However,  the  assumption  of  a  constant  chemical  reaction 
rate  is  still  employed.  In  the  present  work,  we  intend  to  understand  the  flame 
extinction  problem  through  a  two-dimensional  simulation  of  a  mixing  layer.  In 
particular,  the  role  of  large-scale  features  of  the  turbulent  flow  in  flame 
extinction  is  studied.  Due  to  limitations  of  numerical  accuracy,  only  moderate 
Reynolds  and  Damkohler  numbers  are  computed.  For  flame  extinction  in  a  three- 
dimensional  turbulent  flow,  three-dimensional  simulations  will  be  performed  in 


the  future. 


2.  Problem  Formulation 


For  simplicity  of  numerical  calculations,  we  consider  a  two-dimensional 
shear  layer  as  shown  in  Fig.  1.  The  flow  is  considered  periodic  in  the 
horizontal  direction  (x).  Although  Che  splitter  plate  flow  evolves  spatially 
downstream  and  the  numerical  simulations  evolve  temporally ,  important  similari¬ 
ties  in  the  dynamics  of  these  two  flows  make  it  useful  to  study  accurate 
numerical  simulations  of  the  temporally  growing  mixing  layers.  By  simple 
Galilean  transformation,  a  flow  quantity  averaged  in  the  x-direction  can  be 

related  to  the  time  average  of  the  same  quantity  at  a  fixed  location  in  a 

,■  ,  r-  •  13,14  o  . 

splitter  plate  configuration.  These  average  quantities  are  dependent  on 

the  transverse  coordinate  (y)  and  the  time  (t).  Again,  the  inverse  Galilean 

transformation  relates  the  time  t  to  the  streamwise  location  in  a  splitter 

configuration.  The  presence  of  periodic  boundary  conditions  allows  us  to  use 

accurate  pseudospectral  numerical  methods;  these  methods  are  discussed  in 

Ref.  13  and  will  not  be  repeated  here. 

The  chemical  reaction  between  the  two  species  is  assumed  to  be  single-step 
and  irreversiole  and  to  obey  the  temperature-dependent  Arrhenius  law.  It  is 
assumed  that  the  heat  release  rate  is  low  so  that  the  effects  of  the  chemical 
heat  release  on  the  flow  field  can  be  neglected.  This,  together  with  the 
further  assumptions  of  a  low  Mach  number  flow,  result  in  a  constant-density 
flow  formulation. 

To  identify  the  nondimensional  groupings,  the  variables  are  normalized  by  a 
velocity  scale  (mean  velocity  difference  across  the  layer  AU) ,  a  temperature 
scale  (free-stream  T_) ,  concentration  scales  (free-stream  C,_  and  C_^),  and  a 

00  '  fiptt 

length  scale  (X  =  2.249  O,  where  0  is  the  distance  from  the  plane  of  symmetry 
to  the  transverse  plane,  where  the  mean  velocity  rises  to  half  of  its  freestreara 
value).  The  value  of  2.249  was  chosen  so  that  the  size  of  the  computational 


domain  would  be  equal  to  the  wavelength  of  the  most  unstable  mode  and  its 
normalized  value  would  be  an  integer  multiple  of  2ti  . 
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The  values  of  Sc  and  Pr  can  be  set  equal  to  unity,  since  this  is  approxi¬ 
mately  correct  for  gaseous  diffusion  flames.  This  results  in  a  Lewis  number 
of  unity.  The  value  of  other  nondimensional  parameters  is  limited  by  the 
available  resolution  of  the  numerics  employed  in  the  computations. 


Shvab-Zeldovich  Variable 

For  the  two-feed  diffusion  flame  considered  here,  it  is  possible  to 
consider  only  three  scalar  quantities  rather  than  solving  for  all  four  scalar 
variables.  The  Shvab-Zeldovich  variable  (Z)  and  the  product  concentrations 
(G) ,  following  Givi  et  al.,^^  are  defined  as 


Z 

G 


"k  k 

c  +  c 

A  P 
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The  transport  equations  governing  Z,  G,  and  T  follow; 

L*(Z)  =  0 

k 

L*(G)  =  Da  (1  -  Z  -  G)  (Z  -  G)  (5) 

,  * 

k  k  — 2e/T 

L  (T  )  =  Ce  Da  e  '  (1  -  Z  -  G)  (Z  -  G) 

Initial  and  Boundary  Conditions 

The  initial  and  boundary  conditions  for  the  velocity  field  are  given 
elsewhere^^  and  are  only  summarized  here.  In  terms  of  the  stream  function, 
the  initial  condition  is  given  by 

4)»\p 

^mean  ^f  ^sh 

where  is  the  stream  function  associated  with  a  mean  hyperbolic  tangent 

velocity  profile,  \l»^  is  the  stream  function  for  the  most  unstable  mode  of  this 


mean  velocity  profile,  and  is  the  stream  function  for  the  first  subharmonic 
of  the  most  unstable  mode.  The  properties  of  these  modes  have  been  evaluated 
from  linear  stability  theory. The  fundamental  mode  in  this  mixing  layer 
produces  a  single  vortex  rollup,  and  when  the  subharmonic  is  added  in,  a  second 
rollup,  or  pairing,  can  occur. In  the  computations  reported  in  this  paper, 
we  have  employed  two  initial  conditions  for  the  hydrodynamics:  (1)  the  mean 
flow  and  the  fundamental  mode  alone  (Case  I),  and  (2)  the  mean  flow,  the  funda¬ 
mental  mode,  and  the  first  subharmonic  mode  added  together  in  phase  (Case  II). 
In  this  manner,  the  effects  that  the  vortex  rollup  have  on  the  chemical 
reaction  can  be  examined. 

The  initial  conditions  for  the  reactant  concentration  are  given  by 


* 


it  i<  it 

Cp(x  ,  y  ,  0)  =  0 


Note  that  there  are  no  initial  fluctuations  in  the  scalar  profiles. 

The  temperature  in  the  free  stream  is  equal  to  T^.  Near  y  =  0,  this 

value  is  increased  to  an  ignition  temperature  to  allow  the  chemical  reactions 

* 

to  occur.  The  initial  profile  for  T  is  given  by  an  exponential  function. 


*  ★  * 
T  (x  ,  y  , 


(8) 


A  periodic  boundary  condition  is  employed  in  the  streamwise  direction,  and 


a  free-slip  boundary  condition  in  the  cross-stream  direction.  These  boundary 
conditions  are  natural  when  Fourier  series  expansions  are  used. 


3.  Presentation  of  Results 

A  pseudospec tral  numerical  code  was  developed  for  the  calculations  of  the 
incompressible  reacting  flow  considered  here.  Computations  were  performed  in  a 
square  domain  with  the  size  0  <  x  <  2nX,  -nX  <  y  <  nX  for  the  single  vortex 
rollup  and  the  domain  0  <  x  <  ATiX,  -2TtX  <  y  <  2itX  for  the  double  rollup  compu¬ 
tations.  The  spatial  resolution  was  64x64  Fourier  modes.  The  values  of  the 
Reynolds  and  Damkohler  numbers  were  set  equal  to  200  and  10,  respectively,  so 
that  the  simulation  would  be  accurately  resolved  on  the  64x64-point  grid 
employed  here.  The  value  of  the  Zeldovich  number  was  set  equal  to  20.  The 
value  of  the  heat  release  parameter  was  selected  to  be  small  enough  so  that, 
when  multiplied  by  the  Damkohler  number,  it  would  be  resolvable  by  the  numerics 
and  so  that  it  would  also  be  reasonable  to  neglect  the  effects  of  heat  release 
on  the  flow  field.  However,  this  value  should  be  large  enough  to  allow  the 
effects  of  temperature  dependence  on  the  chemical  reaction  term.  A  value  of 
Ce  =  S  is  satisfactory,  giving  a  maximum  (adiabatic)  temperature  of 

t'  ,  ^  =7. 

aciabat ic 

The  profiles  of  the  conserved  Shvab-Zeldovich  scalar  variable  are  chosen 

for  the  purpose  of  flow  visualization.  In  Figs.  2  and  3,  we  present  the  time 

sequence  development  of  this  profile  for  Cases  I  and  II,  respectively.  Initially, 

the  perturbation  associated  with  the  fundamental  mode  grows  until  a  time  of 
* 

t  =9,  where  the  first  vortex  rollup  occurs.  Proceeding  further  in  time 

results  in  diffusion  of  the  core  of  the  vortex  with  no  additional  rollup. 

Adding  the  subharmonic  associated  with  this  unstable  mode  results  in  a  second 

rollup  (Fig.  3)  that  initiates  at  a  time  of  about  t  ~  12  and  is  completed  by 
★ 

t  24.  As  shown  in  these  figures,  the  effect  of  the  vortex  dynamics  is  to 
increase  the  strain  rate  at  the  braids  between  the  vortex  cores. 


If  a  fast  chemistry  model  was  assumed  to  describe  the  chemical  reactions, 


I 


I 
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the  Surface  of  Z  =  Z  =  0.5  would  correspond  to  the  flame  location.  The 

St 

vortex  dynamics  plays  an  important  role  in  increasing  the  area  of  the  flame 
surface  surface)  and  in  increasing  the  total  amount  of  reaction  product 

compared  to  the  case  where  there  is  no  rollup  and  the  chemical  reaction  is  only 
limited  to  the  interdiffusion  of  the  scalars  at  the  reaction  surface.  In  the 
present  calculations,  the  increase  of  the  equilibrium  flame  sheet  surface  due 
to  rollup  (Case  1,  Fig.  2b)  is  153  percent  in  comparison  with  the  unforced 
case.  Merging  of  the  vortices  (Case  11,  Fig.  3b)  increases  this  surface  by 
340  percent  when  compared  with  the  unforced  case. 

The  time  sequence  of  the  temperature  is  shown  on  Figs.  4  and  5  for  Cases  I 
and  11,  respectively.  The  mechanism  of  vortex  rollup  is  to  draw  the  reactants 
from  the  two  streams  to  the  reaction  surface.  The  maximum  temperature  along 
the  2  =  Zg^  surface  occurs  at  the  core  of  the  vortex  (the  hottest  location), 
where  vorticity  and  the  product  concentration  are  also  highest,  and  decreases 
in  the  braids,  where  the  gradients  of  the  scalar  are  at  their  higher  values. 

At  the  time  when  the  computation  is  stopped,  the  maximum  product  concentration 
has  not  yet  reached  its  equilibrium  value.  There  still  remain  reactants,  even 
at  the  core  of  the  mixing  layer,  and  the  flame  shortening  phenomenon,  which  is 
usually  caused  by  the  depletion  of  the  reactants,  has  not  been  yet  observed. 

The  reason  for  this  behavior  of  the  chemical  product  and  temperature  can  be 
explained  by  the  contour  plots  of  the  instantaneous  reaction  rate  W,  presented 
in  Fig.  6  for  Case  I.  As  shown  in  this  figure,  the  reaction  rate  initially  is 
very  uniform  along  the  species  interdiffusion  zone  and  is  maximized  at  the 
reaction  surface,  where  the  reactants  are  in  contact.  At  later  times,  the 
reaction  rate  decreases,  and  at  points  where  the  strain  rate  is  sufficiently 


large,  the  reaction  rate  goes  to  zero  and  Che  flame  locally  quenches.  This 
mechanism  of  extinction  of  the  diffusion  flame  is  consistent  with  the  experi- 


3 

mental  observations  of  Tsuji.  In  the  braids,  as  the  inverse  of  the  diffusion 
time  scale  decreases  (as  Che  result  of  the  vortex  rollup),  the  supply 

of  Che  reactants  is  greater  than  the  chemical  reaction  can  utilize.  Notice 
from  Figs.  2  through  5  that  the  reactants  are  well  mixed  on  the  braids,  but  the 
reaction  rates  at  these  places  are  zero.  This  nonequilibrium  phenomenon 
can  be  explained  by  examining  the  reaction  rate  equation  [Eq,  (3)]. 

Unlike  the  temperature-independent  reacting  mixing  layer  calculation 
reported  by  Givi  et  al.,  Che  maximum  value  of  the  reaction  rate  does  not 
necessarily  correspond  to  the  maximum  value  of  the  product  of  the  reactants 
concentration,  since  the  effects  of  the  temperature  variations  influence  the 
local  conversion  rate  of  the  chemistry.  If  the  flame  temperature  goes  below  a 
critical  characteristic  temperature,  the  flame  becomes  very  rich  with  both 
reactants.  However,  since  Che  value  of  the  dissipation  rate  is  greater  than 
the  critical  value,  this  premixed  region  of  the  reactants  cannot  be  reignited 
from  the  high  temperature  zone  of  the  core.  A  higher  dissipation  rate  results 
in  a  further  decrease  in  temperature  until  it  becomes  equal  to  the  background 
temperature.  At  this  point,  the  vortex  has  reached  the  boundary  of  the 
computational  domain  and,  therefore,  further  computation  is  not  realistic. 

A  direct  quantitative  comparison  of  X^,  obtained  in  our  numerical  simula¬ 
tions  (X  is  approximated  here  as  the  value  of  the  critical  instantaneous 

q 

dissipation  rate  evaluated  at  the  stoichiometric  surface  Z  )  with  that 
obtained  under  the  large  activation  energy  asymptotics  is  not  expected  to  agree 
exactly  for  several  reasons.  First,  in  asymptotic  analysis,  the  flame  thickness 
is  very  small  and  is  only  broadened  near  the  reaction  zone  by  a  small  parameter. 
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In  the  direct  numerical  simulations  reported  here,  the  reactants  have  a  fairly 
"thick"  overlap  region  in  the  reaction  zone  due  to  the  numerical  accuracy 


limitations.  Furthermore,  the  initial  conditions  for  the  temperature  profile 
employed  here  near  the  reaction  zone  are  not  the  same  as  the  uniform  initial 
temperature  distributions  of  Peters.^  However,  making  the  assumption  that 
the  initial  concentration  of  the  reactant  and  the  temperature  of  the  reactants 
are  at  some  average  values  in  the  range  between  the  free  stream  and  the  reaction 
zone,  correct  order-of-magnitude  asymptotic  results  are  verified  by  the  results 
of  the  simulations.  The  temperature  profiles  presented  in  Fig.  4  show  that  by 
a  time  of  t  =  15,  the  value  of  the  temperature  at  the  braids  falls  to  about 
one-fifth  the  flame  temperature  (approximately  equal  to  the  free-stream  tempera¬ 
ture).  This  corresponds  to  local  quenching.  The  corresponding  computed 

•ic  -k 

normalized  dissipation  rate  X  (X  *  X  X/AU)  at  the  point  of  quenching, 

St  St  St 

for  the  given  kinetics  data,  is  about  7  for  both  Cases  I  and  II.  The  estimated 
corresponding  value  for  the  dissipation  rate,  computed  with  the  asymptotic 
raet'ncds  described  above,  is  about  8,  which  is  in  good  agreement  with  the  results 
of  the  numerical  simulation. 


4.  Conclusions 

A  pseudospec tral  algorithm  has  been  used  for  the  numerical  calculations  of 

a  constant-density,  chemically  reacting,  temperature-dependent  mixing  layer. 

The  ncncquilibr ium  effects  leading  to  the  local  flame  quenching  have  been 

simulated  in  a  case  with  fairly  large  Zeldovich  number  and  moderate  Reynolds  and 

Damkohler  numbers.  It  has  been  found  that  the  rollup  of  an  unstable  shear  layer 

creates  regions  with  high  dissipation  rates  at  the  braids,  where  local  flame 

4  10 

extinction  occurs  according  to  the  theory  of  Peters  ’  .  The  temperature 
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contour  shows  that  the  temperature  drops  to  a  value  close  to  ambient  at  the 
braids  and  the  reaction  rate  reduces  to  zero,  even  though  the  reactants  are 
well  mixed  there.  Within  the  limitations  of  numerical  resolution,  comparison 
of  the  critical  scalar  dissipation  rate  with  that  obtained  by  large  activation 
energy  asymptotics  shows  reasonable  agreement.  We  are  presently  expanding  this 
work  to  investigate  a  spatially  developing  mixing  layer  and  three-dimensional 
turbulent  flows.  This  should  further  illuminate  the  basic  mechanisms  of  such 
phenomena  as  the  diffusion  jet  flame  lift-off. 


(# 
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Nomenclatur 


Preexponential  factor 

Concentrat ion 

Specific  heat 

Heat  release  parameter 

Molecular  diffusivity 

Damkohler  number 

Activation  energy 

Normalized  product  concentration 

Thermal  conductivity 

Convective-diffusive  operator 

Pressure 

Prandtl  number 

Heat  of  reaction 

Universal  gas  constant 

Reynolds  number 

Schmidt  number 

Temperature 

Time 

Strearawise  velocity  component 
Cross-stream  velocity  component 
Reaction  rate 
Dissipation 
Streamwise  coordinate 
Cross-stream  coordinate 
Shvab-Zeldovich  variable 


Zeldovich  number 


Greek 

X 

Length  scale 

V 

Molecular  viscosity 

'I* 

Stream  function 

Superscript 

* 

Non-dimensional ized 

Subscr i] 

3_t 

A,B 

Reactants 

f 

Fundamental 

P 

Product 

q 

Quenching 

sh 

Subharmonic 

s  C 

Stoichiometric 

00 

Free  stream 
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Figure  Captions 


FIG  1.  Problem  geometry. 

FIG  2.  Plots  of  Shvab-Zeldovich  variable  contours  (Case  1).  (a)  t*  =  9, 

contour  minimum  is  0,  contour  maximum  is  1,  contour  interval  is  0.1. 

(b)  t*  =  15,  contour  minimum  is  0,  contour  maximum  is  1,  contour  interval 
is  0.1 . 

FIG  3.  Plots  of  Shvab-Zeldovich  variable  contours  (Case  II).  (a)  t*  =  12, 
contour  minimum  is  0,  contour  maximum  is  1,  contour  interval  is  0.1. 

(b)  t*  =  24,  contour  minimum  is  0,  contour  maximum  is  1,  contour  interval 
is  0.1 . 

FIG  4.  Plots  of  normalized  temperature  contours  (Case  l).  (a)  t*  =  9,  contour 

minimum  is  0,  contour  maximum  is  6,  contour  interval  is  0.6.  (b)  t*  =  15, 
contour  minimum  is  0,  contour  maximum  is  6,  contour  interval  is  0.6. 

FIG  5.  Plots  of  normalized  temperature  contours  (Case  II).  (a)  t*  =  12, 
contour  minimum  is  0,  contour  maximum  is  6,  contour  interval  is  0.6. 

(b)  t*  =  24,  contour  minimum  is  0,  contour  maximum  is  6.6,  contour  interval 
is  0.6. 
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FIG  6.  Plots  of  normalized  reaction  rate  contours  (Case  I).  (a)  t*  =  6, 

contour  minimum  is  0,  contour  maximum  is  0.03,  contour  interval  is  0.003. 

(b)  t*  =  9 ,  contour  minimum  is  0,  contour  maximum  is  0.024,  contour  interval 
is  0.002.  (c)  t*  =  12,  contour  minimum  is  0,  contour  maximum  is  0.02,  contour 

interval  is  0.002.  (a>  c*  =  24,  contour  minimum  is  0,  contour  maximum  is 

0.017,  contour  interval  is  0.001. 
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ABSTRACT 

Direct  numerical  simulations  have  been  employed  to  study  the  effects  of 
large  coherent  structures  in  a  perturbed,  time -dependent ,  spatially  developing, 
reacting  mixing  layer.  It  is  shown  that  the  vortex  dynamics  has  a  significant 
influence  on  the  enhancement  of  the  chemical  reactions,  convolution  of  the 
reaction  surface,  and  increase  of  product  formation  in  the  reaction  zone  of  the 
layer.  Furthermore,  examination  of  some  of  the  statistical  quantities  obtained 
from  the  results  of  direct  numerical  simulations  indicates  the  asymmetric 
nature  of  the  mechanism  of  mixing  processes  in  the  mixing  zone  of  the  layer. 

INTRODUCTION 

The  advancement  of  supercomputer  technology  in  recent  years  has  had  a  major 
influence  on  increasing  our  understanding  of  the  mechanisms  of  many  complex 
physical  phenomena  such  as  turbulence.  The  availability  of  higji-speed,  large- 
memory  computers  has  made  it  possible,  in  many  cases,  to  simulate  turbulent 
flow  problems  directly  by  solving  the  appropriate  basic  governing  transport 
equations  without  any  need  for  additional  "turbulence  modeling."  Such  modeling 
is  required  when  these  equations  are  statistically  averaged.  In  a  complex 
system  such  as  a  chemically  reacting  flow,  modeling  is  extremely  difficult 
because  of  our  lack  of  knowledge  on  the  detailed  dynamics  of  the  flow.  Without 
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jsing  turbulence  modeling,  direct  numerical  simulations  can  provide  the  de¬ 
tailed  information  needed  to  increase  our  understand!. ig  of  the  physical  pro¬ 
cesses  involved  in  turbulent  flows.  An  increase  in  unders tand ing, var iou s 
aspects  of  the  physics  of  turbulent  reacting  flows  is  evident  in  recent  works 
(e.g.,  Riley  et  al .  [1]). 

Direct  numerical  simulations  of  turbulent  reacting  flows  are  presently 
applied  to  flows  with  limited  dynamical  and  chemical  parameter  ranges  . 
Continuing  efforts  in  evaluating  the  advantages  and  also  the  limitations  of 
this  technique  are  required  before  the  knowledge  acquired  can  be  applied  to 
flows  with  practical  parameter  ranges.  The  application  of  direct  numerical 
simulations  to  a  flow  with  simplified  geometrical  configurations  and  well- 
controlled  conditions  is  certainly  the  first  step  in  understanding  the  physics 
and  in  evaluating  the  capabilities  of  the  method. 

A  mixing  layer,  in  which  two  parallel  streams  with  different  velocities 
begin  to  mix  and  react  downstream  of  the  trailing  edge  of  a  splitter  plate 
partition,  presents  an  ideal  configuration  for  studying  the  physical  processes 
in  the  mixing  and  reaction  zones  that  exist  in  real  diffusion-controlled  com¬ 
bustors.  Direct  numerical  simulations  have  been  applied  in  studying  a  model 
problem  of  such  flows  with  encouraging  success  [1,  2].  However,  most  of  the 
previous  work  has  employed  a  temporally  developing  mixing  layer  as  a  model. 
Temporally  growing  mixing  layers  refer  to  flows  that,  in  a  Galilean-transformed 
frame  of  reference,  are  assumed  to  evolve  in  time  rather  than  in  space.  This 
is  a  good  approximation  for  flows  in  which  the  difference  between  the 
frees treara  velocities  of  two  streams  is  much  less  than  the  averaged  velocity. 
This  approximation  allows  simplifications  in  the  formulation  of  periodic 
boundary  conditions.  A  pseudospectral  numerical  method  using  Fourier  series 
can  then  be  employed  to  solve  the  appropriate  transport  equations. 

Comparison  of  the  simulation  results  obtained  for  a  temporally  developing 
mixing  layer  with  experimental  results  is  encouraging.  The  comparison  shows 
that  there  is  qualitative  agreement  between  numerical  simulations  and  labor¬ 
atory  data  for  the  average  reactant  concentrations  and  the  concentration 
correlations.  However,  there  are  some  basic  phenomena  that  cannot  be  explained 
by  temporal  simulations,  such  as  (1)  asymmetric  mixing  observed  in  mixing  layer 
experiments  [3],  and  (2)  stabilization,  quenching,  lift-off,  and  blowout  of 
turbulent  jet  flames  [4].  A  fundamental  understanding  of  these  phenomena 
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requires  detailed  calculations  of  spatially  growing  flows.  Here,  we  have 
developeu  a  numerical  technique  that  is  capable  of  simulating  a  spatially 
developing  mixing  layer  as  a  first  step  to  further  develop  the  technique  of 
direct  numerical  simulations. 

This  paper  presents  some  preliminary  results  of  our  two-dimensional  flow 
simulations  using  the  resulting  code  in  an  attempt  to  address  the  first  of  the 
above-mentioned  phenomena  associated  with  spatially  growing  flows.  The  flow 
fields  under  consideration  are  dominated  by  large-scale  fluctuations  associated 
with  coherent  structures.  The  chemical  reaction  that  occurs  between  the  reac¬ 
tants  on  two  sides  of  the  layer  is  assumed  to  be  infinitely  fast,  so  that 
complications  due  to  complex  kinetics  need  not  be  considered.  Therefore,  the 
transport  of  a  conserved  Shvab-Zeldovich  scalar  variable  is  computed.  There 
is  also  a  nonparallel  growth  mechanism  of  the  layer  mainly  due  to  diffusion, 
vortex  rollup,  and  subsequent  pairing  of  the  neighboring  vortices.  The  effects 
of  this  nonparallel  growth  as  well  as  the  asymmetric  mixing  in  the  shear  layer 
are  studied.  Analysis  of  flame  extinction  and  lift-off  phenomena  requires 
consideration  of  nonequilibrium  chemistry.  This,  as  well  as  the  effects  of  a 
three-dimensional  random  turbulence  field,  are  presently  under  study  and  will 
be  reported  in  the  future. 

In  the  next  section,  the  governing  equations,  boundary  conditions,  and 
numerical  algorithms  for  the  present  problem  are  discussed.  This  is  followed 
by  the  presentation  of  results  and  some  conclusions. 

PROBLEM  FORMOIATION 

The  mixing  layer  under  consideration  is  shown  in  Figure  1 •  The  reactants 
are  introduced  as  dilute  traces  in  a  carrier  passive  gas.  The  chemical  heat 
release  is  assumed  negligible.  Therefore,  the  density  of  the  mixture  can  be 
assumed  constant  and  equal  to  that  of  the  carrier  gas.  Under  these  assump¬ 
tions,  the  hydrodynamics  and  the  transport  of  chemical  species  are  decoupled. 

The  latter  is  governed  by  passive  transport  equations  with  a  given  hydrodynamic 
velocity  field. 

The  velocity  field  satisfies  the  incompressible  Navier-Stokes  equations: 

P  L(U,  V)  =  -  W  (1) 

VU  =  0  (2) 
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Vviiere  P  is  the  pressure,  p  is  the  density,  which  is  assumed  to  be  constant,  v 
is  the  kinematic  viscosity,  U  is  the  velocity  vector  and  L  is  the  convecti"? 
diffusive  operator  defined  by 

3U  „ 

L(U,  v)  =  —  +  U'TU  -  V  7^  .  ( 

oC  —  “  “■ 

Species  A  is  injected  from  the  high-speed  stream  on  the  upper  side  of  the 
plate,  and  species  B  is  introduced  from  the  low-speed  stream.  The  chemical 
reaction  between  the  species  field  is  assumed  to  be  fast  and  irreversible, 
such  as 


IQ 


A  +  B  -►  C  +  D  .  (A> 

The  molar  concentrations  of  the  reactants  (species  A  and  B)  and  the  product 
(say,  species  C)  satisfy  the  following  reaction-convection-diffusion  equations: 

L(C^,  D)  =  L(Cg,  D)  =  -  W  (5: 

L(C^,  D)  =  W  (6] 

where  W  is  the  reaction  rate,  and  the  stoichiometric  coefficient  is  assumed  to 

be  equal  to  1.  The  molecular  di f fus ivities ,  D,  of  the  species  are  assumed  to 

be  equal,  i  .e  . ,  D,  .  =  D..  =  D.  If  we  define  a  Shvab-Zeldov  ich  variable  by 
iJJi 

f  =  C  +  C.  ,  (?: 

A  C 

then  the  transport  equation  for  f  satisfies 

L(f,  D)  =  0  .  (8 

As  shown  by  Williams  [5]  and  Bilger  [6],  assuming  an  infinitely  fast  chemical 
reaction  between  sp>ecies  A  and  B,  one  would  be  able  to  determine  the 
instantaneous  fields  of  all  the  species  involved. 

In  order  to  solve  the  set  of  Equations  (1)  through  (8),  boundary  and 
initial  conditions  are  needed.  For  the  cross-stream  direction,  we  assume  the 
flow  to  be  periodic  with  free-slip  boundary  conditions.  At  the  inflow,  the 
initial  conditions  for  the  Shv ab-Zeldov ich  variable ,  f,  are  given  by  the 
following  functional  form: 


f(0,  Y)  = 


fri; 


exp  -  — ^  de 
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The  initial  conditions  for  the  ~er.n  streamwise  velocity  are  given  by  a  hyper¬ 
bolic  tangent  velocity  profile,  and  the  mean  cross-s tream  veloc ity  component 
is  set  equal  to  zero: 

U  =  [U(Y),  01  (10) 

U(Y)  =  [tanh  (2Y/X)  +2]  (11) 

where  is  the  slow  s tream  velocity,  and  X  is  the  vorticity  thickness  defined 
by 

X  =  A  U/(dU/dY)  .  (12 

max 

The  term  A  U  is  the  difference  between  the  velocities  in  the  two  layers  . 

It  is  well-known  that  a  shear  layer  subject  to  white  noise  will  develop 
coherent  structures  with  predominantly  the  most  unstable  mode  of  its  insta¬ 
bility  waves,  and  the  subsequent  pairing  is  caused  by  the  subharmonic  distur¬ 
bance  of  the  predominant  mode.  Therefore,  in  order  to  initiate  the  vorticity 
rollup  and  pairing,  a  small  perturbation,  in  the  form  of  the  most  unstable 
mode  and  its  subharmonics,  calculated  from  linear  stability  theory  (7,  8)  is 
added  to  this  mean  profile.  In  terms  of  stream  function,  we  have 

tean  ^  ""l  '1^1  ^  ^2  '*^2 

where  0  is  the  stream  function  associated  with  the  mean  flow,  ik  is  the 
stream  function  for  the  most  unstable  mode,  is  that  of  the  first  subharmonic 
of  the  most  unstable  mode,  and  and  ^re  the  amplitudes  of  the  imposed  per¬ 
turbations.  The  presence  of  the  fundamental  mode  in  the  mixing  layer  produces 
a  single  vortex  rollup,  and  when  the  subharmonic  perturbation  is  superimposed, 
a  second  rollup  in  the  form  of  the  merging  of  two  vortices  occurs  [9).  The 
vortex  rollup  and  pairing  have  dominant  effects  on  the  chemical  reactions  and 
the  rate  of  formation  of  the  products. 

The  downstream  boundary  is  an  artificial  computational  boundary  and  not  a 
natural  flew  bGv.iidrti.y.  The  boundary  conditions  there  are  difficult  to  formu¬ 
late  in  a  rigorous  sense.  We  have  assumed  a  zero-gradient  condition  on  the 
velocity  and  species  fields.  This  is  not  an  exact  representation  of  the 
outflow  behavior.  However,  if  the  flow  velocity  is  outgoing  at  the  downstream 
boundary,  which  is  the  case  here,  the  vorticity  and  species  transport  equations 
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are  hyperbolic  when  the  molecular  diffu*^’  ^  is  small.  Therefore,  the  upstream 
influence  may  be  weak.  The  effects  of  this  outflow  boundary  condition  on  the 
solution  are  later  assessed  by  comparing  results  of  the  simulations  for  the 
same  flow  with  various  lengths  of  the  computational  domain. 

The  periodicity  of  the  flow  in  the  Y  direction  enables  us  to  employ  a 
pseudospectr al  numerical  method  [10]  in  that  direction.  In  the  streamwise 
direction,  however,  an  overall  second-order  finite  difference  scheme  (Leonard, 

[11] )  is  employed  with  applications  of  a  quadratic  upwind  differencing  for  the 
convection  term  where  the  leading  dispersive  truncation  error  of  the  second - 
order  central  scheme  is  removed.  This  scheme  is  expected  to  be  accurate  for 
the  fine  grids  employed  in  these  calculations.  We  use  the  Adams-Bash forth 

[12]  technique  for  time  discretization,  which  is  a  second-order-accurate 
scheme . 

The  computational  domain  was  selected  to  be  a  region  bounded  by  (0  <  X  <  32X) 
and  (-8X  ^Y  ^  8X) .  There  are  128  equally  spaced  finite  difference  grid  points 
in  the  X  direction  and  64  Fourier  modes  in  the  Y  direction.  Since  the  details 
of  the  chemistry  are  neglected  and  a  fast  chemistry  model  has  been  employed, 
this  computational  domain  seems  to  be  accurate  enough  for  our  solution  proce¬ 
dure.  The  incremental  time  step  was  selected  to  be  small  enough  to  ensure 
bo  Ch  accuracy  and  stability.  The  value  of  At*  (At*  =  At  AU/X)was  selected 
to  be  0.0125. 

The  flow  is  conveniently  characterized  by  two  non-dimensional  parameters: 
first,  the  Reynolds  number.  Re  =  A  U  v/X,  based  on  the  initial  shear  layer  thick¬ 
ness,  the  mean  velocity  difference  across  the  layer,  and  the  kinematic  visco¬ 
sity;  and  second,  the  velocity  ratio,  R  =  AU/(U^  +  ^2^*  Shvab-Zeldovich 

variable  is  characterized  by  the  value  of  the  Peclet  nunfcer,  Pe  =  A  U  D/X.  The 
differential  equations  governing  the  transpxjrt  of  the  hydrodynamic  variables 
(U  and  P)  and  the  scalar  variable  (f)  can,  in  general,  be  solved  for  different 
values  of  the  non-dimensionalized  p>aranieters  Re  and  Pe  in  order  to  examine  the 
effects  of  these  parameters  on  the  structure  of  the  shear  layer.  The  limited 
resolution  due  to  required  computational  time  and  computer  memory,  however, 
imposes  a  restriction  on  the  maximum  value  of  these  parameters  in  an  accurate 
simulation.  The  accuracy  tests  of  the  pseudosp>ectral  method  and  the  finite 
difference  scheme  employed  in  the  present  calculations  have  been  reported  by 
Riley  et  al.  [1]  and  Leonard  [ 11]  .  In  accordance  with  these  studies,  we  have 
selected  moderate  values  of  Reynolds  and  Peclet  numbers  and  the  computations 


have  been  performed  in  a  domain  with  enough  number  of  grid  points  to  ensure 
the  accuracy.  The  validity  of  the  results  obtained  from  the  simulations  is 
warranted  by  the  lack  of  spurious  "under-  or  over-shoots"  in  the  calculated 
values  of  the  hydrocheinical  variables,  as  will  be  shown  in  the  next  section. 

As  discussed  by  Ho  and  Huerre  [9] ,  the  two-dimensional  vortex  dynamics  of 
the  flow  is  not  very  sensitive  to  the  Reynolds  number,  and  only  the  shape  of 
the  vortices  depends  on  the  value  of  the  Reynolds  number  employed.  Therefore,, 
simulations  even  at  moderate  Reynolds  numbers  provide  useful  information  about 
the  effects  of  the  dynamics  of  vorticity  on  chemical  reactions. 


PRESENTATION  OF  RESULTS 

Effects  of  Coherent  Structures 

As  discussed  in  the  previous  section,  a  small  perturbation  at  the  inflow 
is  required  to  trigger  the  initial  vortex  rollup.  The  perturbation  levels  , 

and  ,  are  both  set  equal  to  0.05.  The  velocity  shear  parameter  R  is  equal 
to  0.5,  and  the  values  of  the  Reynolds  and  Peclet  numbers  are  set  equal  to  50. 

We  present  normalized  vorticity  contour  plots  at  t*  =  31  for  the  case  in 
which  the  most  unstable  mode  is  the  only  perturbation  applied  at  X  =  0.  Figure  2 
indicates  the  formation  of  rolled-up  vortices  at  equal  wavelengths.  These 
vortices  diffuse  along  the  mixing  layer  as  indicated  by  the  decay  of  the  peak 
value  of  the  vorticity  downstream.  The  formation  of  the  rolled-up  vortices  is 
also  evident  in  the  contour  plot  of  the  Shvab-Zeldov  ich  variable  presented  in 
Figure  3.  From  these  two  figures,  it  is  clear  that  the  perturbation  at  the 
inlet  causes  the  rollup  of  the  vorticity  near  the  inlet.  As  the  fluid  is 
convected  downstream,  additional  vortices  are  created  at  equal  wavelengths 
from  each  other.  The  same  behavior  was  also  observed  in  numerical  and  experi¬ 
mental  studies  of  Mclnville  et  al .  [13]  in  their  studies  of  the  large  co- 
herent  structures  in  a  forced  shear  layer.  As  the  vortices  reach  the  outflow 
boundary,  the  zero-gradient  condition  seems  to  allow  them  to  travel  out  of  the 
computational  domain.  Employment  of  this  weak  condition  at  the  outflow  may 
cause  some  errors  near  the  outflow  boundary.  Previous  numerical  experiments 
by  Givi  [14],  however,  show  that  the  regions  of  the  error  associated  with  this 
condition  are  concentrated  at  a  small  area  near  the  outflow  and  do  not 
substantially  affect  the  inner  region  of  the  computational  domain.  To  assess 
the  validity  of  this  assumption,  some  computations  were  performed  in  two 
computational  domains.  The  transverse  dimensions  of  these  two  are  identical, 
while  one  of  the  cases  has  a  streamwise  domain  half  the  size  of  the  other. 
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The  grid  spacing  in  the  streanwise  direction  is  maintained.  Comoarison  of  the 
results  clearly  showed  that  the  boundary  conditions  imposed  at  the  outflow 
boundary  do  not  affect  the  solution  in  the  interior  of  the  computational 
domain.  Therefore,  it  seems  justified  that  a  zero-gradient  boundary  condition 
at  the  outflow  is  adequate  for  our  purposes. 

The  effects  of  adding  the  perturbation  corresponding  to  the  first  subhar¬ 
monic  mode  at  X  =  0  are  shown  in  Figure  4.  In  this  figure,  we  present  the 
rollup  and  merging  of  the  vortices  at  times  of  t*  =  31  and  t*  =  39.  The 
merging  of  the  vortices  caused  by  the  subharmonic  perturbation,  as  computed 
here,  has  been  observed  in  experiments  of  Ho  and  Huerre  [9].  These  merged 
vortices,  again,  diffuse  and  smear  as  they  move  downstream,  and  no  further 
merging  is  observed.  The  same  behavior  was  also  observed  in  the  calculations 
of  Davis  and  Moore  [15].  The  vortex  merging  associated  with  this  subharmonic 
mode  is  also  clear  from  the  Shvab-Zeldovich  variable  contour  plots  shown  in 
Figure  5.  Again,  the  errors  associated  with  the  outflow  boundary  are  concen¬ 
trated  only  near  the  outflow  and  do  not  seem  to  affect  the  interior  of  the 
computational  domain. 

Contour  plots  of  the  computed  product  concentrations  of  the  chemical 
reaction  are  presented  in  Figures  6  and  7.  In  Figure  6,  only  the  perturbation 
associated  with  the  most  unstable  mode  is  added  to  the  mean  flow,  and  in 
Figure  7,  the  perturbations  associated  with  the  fundamental  frequency  and  its 
first  subharmonic  are  added  together  to  the  mean  flow.  The  regions  of  high 
product  concentrations  are,  as  expected,  near  the  flame  sheet,  where  the  value 
of  the  Shvab-Zeldovich  variable  is  equal  to  its  stoichiometric  value  (f  =  0.5). 
The  vortex  rollup  brings  unreacted  species  together  from  both  streams  to  the 
chemical  reaction  zone.  This  region  is  marked  by  a  very  steep  gradient  of  the 
chemical  product  near  the  braids  of  the  vortices  but  is  more  diffusive  in  the 
core  of  the  vortex.  The  vortex  rollup  increases  the  interface  between  the  two 
streams  by  stretching  the  reaction  zone  and,  therefore,  increasing  the  amount 
of  products  generated.  A  comparison  of  these  two  figures  indicates  that  the 
vortex  merging  results  in  increased  formation  of  product  in  the  mixing  layer. 

In  these  computations,  the  increase  of  flame  sheet  surface  due  to  rollup 
of  vortices  is  about  97  percent  in  comparison  with  unforced  and  nondiffusive 
computations,  resulting  in  a  48-percent  increase  in  total  integrated  products 
formed  in  the  mixing  layer.  Merging  of  the  vortices  increases  the  flame  sheet 
surface  area  by  163  percent  and  the  total  amount  of  products  by  69  percent  in 
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comparison  with  the  unforced  and  nondiffusive  case.  Bearing  in  mind  the  ’  ow 
level  of  initial  disturbance,  this  high  level  of  response  may  one  day  be 
exploited  in  a  practical  device. 

Comparison  of  Figures  6  and  2  and  also  Figures  7  and  4  shows  the  similarity 
between  the  profiles  of  the  vorticity  and  the  chemical  product.  Both  are  high 
near  the  reaction  zone,  gradually  diffusing  outward  with  very  similar  profiles. 
This  is  to  be  expected,  since  the  chemical  reaction  is  to  occur  where  the  two 
reactants  meet  near  the  interface,  which  is  also  a  region  of  high  velocity  gra¬ 
dient.  The  same  conclusions  were  also  drawn  from  earlier  work  on  spe-  .'al  cal- 
calculations  of  temporally  growing  mixing  layers  [1].  However,  the  asymmetric 
nature  of  the  mixing  mechanism  in  the  shear  layer  is  well  represented  in  the 
spatially  developing  calculations,  which  are  discussed  next. 

Statistical  Variables 

The  results  of  direct  numerical  simulations  have  been  studied  to  examine 
the  validity  of  some  of  the  previously  used  turbulence  models  in  which  the 
large  coherent  structures  have  not  been  taken  into  account.  In  previous  work 
[16,  17],  many  different  possibilities  for  the  closure  of  the  hydrochemical 
equations  in  parallel  shear  flows  were  discussed.  Among  the  models  considered, 
the  one  with  the  best  overall  performance  was  the  combination  of  a  modeled 
joint  probability  density  function  (pdf)  for  the  scalar  variables  and  the 
K-e  model  of  turbulence  (Launder  and  Spalding,  [18])  for  the  hydrodynamic 
closure.  A  formulation  based  on  a  transport  equation  for  the  pdf  of  scalar 
variables  has  the  advantage  that  the  effects  of  chemical  reactions  appear  in  a 
closed  form.  However,  models  are  needed  for  the  closure  of  the  molecular 
mixing  term  and  also  the  turbulent  convection.  Givi  et  al .  [17]  employed  a 
qualesence/dispersion  model  for  the  closure  of  the  molecular  mixing  term  and  a 
gradient  diffusion  approximation  for  the  closure  of  the  turbulent  flux  of  the 
pdf.  The  results  were  compared  with  experimental  data  of  Masutani  and  Bowman 
[19]  in  similar  hydrochemical  conditions. 

As  far  as  the  first  few  moments  are  concerned,  the  results  obtained  from 
the  pdf  transport  equation  are  in  reasonable  agreement  with  experimental  data. 
However,  a  major  difference  between  the  calculated  and  measured  shapes  of  the 
probability  density  function  is  observed.  This  is  indicated  in  Figure  8.  In 
this  figure,  the  pdf's  of  a  nonreacting  scalar  variable  (similar  to  the  varia¬ 
ble  f  defined  above),  are  presented  at  a  streamwise  location.  The  profile 
obtained  from  experimental  measurements  of  Masutani  and  Bowman  [19]  is  also 
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presented  on  the  same  figure.  The  experimental  results  indicate  an  interme¬ 
diate  peak  at  a  fixed  value  of  the  normalized  concentration  between  the  two 
delta  functions  at  0  and  1.  In  the  predicted  pdf's  two  spikes  also  exist  at 
the  normalized  concentrations  of  0  and  1,  indicating  the  concentrations  at 
freestreams.  The  height  of  the  pdf  in  the  middle  region  is  in  reasonably 
correct  order-of-magnitude  agreement  with  the  experimental  data.  However,  the 
location  of  the  predicted  pdf  peak,  with  respect  to  the  normalized  concentra¬ 
tion,  gradually  shifts  as  the  layer  is  traversed.  This  is  a  major  difference 
between  the  predicted  and  measured  pdf’s,  as  the  modeled  pdf  transport  equation 
is  unable  to  predict  the  bimodal  pdf's  observed  experimentally.  As  suggested 
by  Givi  et  al .  [17],  Kooches fahan i  [3],  and  Masutani  [20],  this  discrepancy  is 
mainly  due  to  the  shortcomings  associated  with  the  gradient  diffusion  modeling 
of  the  turbulent  flux  of  the  pdf.  In  highly  intermittent  flows  such  as  mixing 
layers,  the  continuity  of  turbulent  flow  is  interrupted  by  the  presence  of  the 
nonturbulent  surrounding  flows.  Therefore,  a  simple  gradient  diffusion  model 
is  not  expected  to  account  accurately  for  this  discontinuity. 

Direct  comparison  of  the  shape  of  the  pdf  calculated  from  direct  numerical 
simulations  with  that  of  experimental  measurements  is  not  possible  due  to  the 
different  Reynolds  numbers  used.  However,  a  great  deal  of  understanding  of  the 
influence  of  the  large-scale  structures  in  the  mixing  mechanism  of  the  shear 
layer  can  be  gained  by  examining  the  computed  concentration  pdf.  The  profile 
of  the  pdf's  calculated  from  the  results  of  the  direct  numerical  simulation  at 
the  streamwise  location  of  X  =  24X  is  presented  in  Figure  9.  This  location 
corresponds  to  the  point  where  the  first  merging  between  the  two  neighboring 
vortices  occurs.  It  is  indicated  in  this  figure  that  at  any  cross-stream 
location  away  from  the  freestreams,  the  pdf  has  approximately  three  peak 
values.  The  first  peak  is  closer  to  the  low-speed  fluid  concentration,  the 
second  peak  is  closer  to  the  high-speed  fluid  concentration,  and  the  third 
peak  is  in  a  mixed  concentration  between  the  other  two  but  closer  to  the 
hi^-speed  side.  The  value  of  the  pdf  of  the  mixed  concentration  is  larger 
than  the  pdf  corresponding  to  other  concentrations;  also,  the  pdf  of  the 
concentration  closer  to  the  high-speed  fluid  side  has  a  larger  peak  than  the 
pdf  of  the  low-speed  concentration.  This  trimodal  nature  of  the  pdf,  and  also 
the  fact  that  the  mixed  fluid  pdf  has  a  concentration  near  the  high-speed  side 
concentration,  indicates  the  asyrtaneCry  of  entrainment  due  to  large-scale 
structures  in  the  mixing  region  of  the  shear  layer  and  also  indicates  that 
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more  fluid  from  Che  high-speed  stream  than  the  low-speed  side  is  drawn  into 
the  mixing  core  of  the  layer.  Comparison  of  this  figure  with  Figure  8  indi¬ 
cates  that  the  pdf's  obtained  here  have  a  structure  closer  to  the  experimental 
observations  of  Masutani  and  Bowman  (19]  than  the  previous  calculations 
employing  a  modeled  joint  pdf  transport  equation  (Givi  et  al .  ,  [17]).  However, 
the  calculated  predominant  peak  of  the  pdf  at  the  mixed  fluid  concentration  is 
less  pronounced  than  that  observed  experimentally  by  Masutani  and  Bowman  [19]. 
This  is  possibly  due  to  the  fact  that,  in  the  present  two-dimensional 
calculations,  only  the  isolated  effects  of  the  large  coherent  structures  are 
examined,  and  the  effects  of  three-dimensional  random  turbulent  fluctuations 
are  not  presented.  Nevertheless,  the  results  obtained  from  direct  numerical 
simulations  indicate  that  the  mixing  mechanism  in  the  core  of  the  shear  layer 
is  asymmetric,  and  the  mixed  fluid  has  a  concentration  closer  to  the  high-speed 
fluid  concentration.  This  agrees  with  the  experimental  observations  of 
Masutani  and  Bowman  [19]  and  Kooches fahan i  [3].  Three-dimensional  flow 
simulations  with  random  turbulent  fluctuations  are  currently  under  study  and 
are  expected  to  result  in  better  agreement  with  experimental  data. 

The  mean  and  rms  values  of  the  conserved  scalar  obtained  from  the  inte¬ 
gration  of  the  pdf  profiles,  presented  above,  are  shown  in  Figure  10.  This 
figure  shows  that  the  mean  value  of  the  concentration  has  an  apparent  "plateau" 
in  the  middle  region  of  the  shear  layer.  This  "plateau"  is  at  a  concentration 
where  a  predominant  peak  occurs  in  the  pdf  (Figure  9).  Similar  behavior  has 
also  been  observed  in  experimental  measurements  [3]  and  indicates  the 
influence  of  the  large-scale  structure  on  the  mean  value  of  the  concentration. 
The  resulting  rms  values  of  the  normalized  non-reacting  concentrations  across 
the  layer,  obtained  from  the  direct  numerical  simulations,  indicate  that  there 
are  two  apparent  maxiraums  in  the  rms  profile.  These  two  points  correspond  to 
the  location  where  the  gradient  of  the  mean  value  is  highest.  The  same 
behavior  was  also  observed  in  the  experimental  results  of  Masutani  [20]  . 
Calculations  using  a  gradient  diffusion  model  for  the  pdf  turbulent  transport 
are  unable  to  predict  this  detailed  behavior,  as  the  calculations  of  Givi 
et  al.  [17]  indicate.  The  predicted  results  of  the  rms  concentration  by  Givi 
et  al  .  [17]  form  a  fairly  smooth  bell-shaped  profile  with  a  much  less  clear 
double  "hump"  in  the  middle  region.  However,  the  pdf  calculation  does  show 
that  the  location  of  the  rms  maximums  coincides  with  the  location  of  the 
highest  gradient  of  the  mean  value. 
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From  the  discussion  given  above,  it  is  clear  that  the  in termi t tency  caused 
by  the  large  coherent  structures  contributes  greatly  to  various  vital  statis¬ 
tics  of  turbulent  flows.  The  results  of  direct  numerical  simulations  can 
illuminate  the  qualitative  behavior  of  large-scale  structures  in  intermittent 
flow,  such  as  the  spatially  developing  mixing  layer  considered  here.  Quantita¬ 
tive  comparison  with  the  experimental  data,  however,  is  not  yet  possible.  A 
three-dimensional  flow  simulation  may  be  required  for  meaningful  quantitative 
comparison  with  experimental  results. 

OOHCLUSIONS  AHD  FDTDRE  WORK 

Numerical  simulations  have  been  performed  for  the  large-scale  vortex 
dynamics  in  a  forced  spatially  developing,  reacting  mixing  layer.  A  dombina- 
tion  of  a  pseudospectral  and  a  second-order  finite  difference  technique  has 
been  employed  to  study  the  effects  of  the  rollup  of  the  vortices  and  of  their 
merging  on  the  rate  of  formation  of  the  reaction  product.  As  an  earlier 
simulation  (1,  2]  using  a  temporally  developing  approximation  indicates,  the 
vortex  rollup  and  merging  cause  the  stretching  of  the  interface  between  the 
reactants  ,  and  thereby  increase  the  stream  surface  area  on  which  the  chemical 
reaction  occurs.  In  addition,  the  present  simulations  of  a  realistic 
spatially  developing,  chemically  reacting  mixing  layer  exhibit  the  asymmetric 
properties  of  the  entrainment,  which  have  been  observed  in  experimental 
results  [  19  1  . 

The  results  of  direct  numerical  simulations  reported  here  and  recent 
experimental  measurements  indicate  the  importance  of  large  coherent  structures 
in  the  mixing  region  of  the  shear  layer.  This  suggests  the  need  for  better 
turbulence  models  in  order  to  predict  accurately  the  mechanism  of  mixing  and 
chemical  reaction  in  intermittent  flows  such  as  mixing  layers. 

Much  remains  to  be  done  in  our  continuing  effort  in  numerical  conibustion 
simulations.  Consideration  of  a  temperature-dependent  reaction  rate  with 
intermediate  Daidtohler  nucfcers  has  just  been  successfully  finished  for  a 
temporally  growing  mixing  layer  (Givi  et  al.  [21])  and  should  be  included  with 
the  spatially  growing  mixing  layer  studied  in  this  p>aper.  This  simulation  can 
address  the  questions  regarding  the  quenching  and  extinction  of  diffusion 
flames.  Next,  three-dimensional  calculations  involving  a  shear  layer  with  a 
random  turbulence  field  will  be  studied.  This  is  a  step  toward  simulations  of 
turbulent  flow  and  will  provide  a  better  understanding  of  the  physics  of 
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turbulent  diffusion  flames.  The  effects  of  chemical  heat  release,  at  a 
temperature-dependent  reaction  rate,  on  the  "low  field  and  product  formation 
in  a  spatially  developing  mixing  layer  would  also  be  very  interesting  and  will 
be  addressed  in  future  papers.  Finally,  it  would  be  interesting  to  examine 
the  effects  of  the  vortex  merging  further  by  looking  at  the  influence  of  even 
higher  subharmonics  and  also  the  effects  of  phase  relations  between  the 
different  modes  on  the  chemical  reactions  and  the  flame  convolution  in  a 
spatially  evolving  mixing  layer. 
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Figure  1 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5. 


Figure  6. 


Figure  7 


Figure  8. 


Schematic  diagram  of  the  two  stream  plane  mixing  layer  and  the 
hyperbolic  tangent  streanwise  velocity  boundary  condition  at  X  =  0 
Species  A  and  B  are  introduced  into  the  high-  and  low-speed 
streams  of  the  layer,  respectively. 


Plot  of  non-dimensional ized  vorticity  contours  at  t  =  31  for  the 
single  rollup  case.  0  £X/X  £  32  and  -8  £Y/X  £  8.  Contour 
minimum  is  -2.10,  contour  maximum  is  0,  contour  interval  is  0.1. 


Plot  of  Shvab-Zeldovich  variable  (f)  contours  at  t*  =  31  for  the 
single  rollup  case.  0  £X/X  £  32  and  -8  £Y/X  £  8.  Contour 
minimum  is  0  (indicating  no  species  from  the  high-speed  stream), 
contour  maximum  is  1  (indicating  the  species  from  the  high-speed 
stream),  contour  interval  is  0.1. 


Plots  of  non-dimensional ized  vorticity  contours  for  the  double 
rollup  case  .  0  <  X/  X  <  32  and  -8  £Y/X£8.  (a)  t*=  31, 

contour  minimum  Is  -2.5b,  contour  maximum  is  0,  contour  interval  is  0.1. 
(b)  t  =  39,  contour  minimum  is  -1.76,  contour  maximum  is  0,  contour 
interval  is  0.08. 


Plots  of  Shvab-Zeldovich  variable  (f)  contours  for  the  double  rollup 
case.  0  £X/X  £32  and  -8  £Y/X  ^2.  Contour  minimum  is  0, 
contour  maximum  is  1,  contour  interval  is  0.1  (a) 


(b)  t  =39.  (Also  see  the  caption  on  Figure  3.) 


t*  =  31, 


Contour  plot  of  concentration  of  the  product  of  chemical  reaction  in 
the  limit  of  infinitely  fast  chemistry  at  t*  =  31.  Single  rollup 
case,  0  £X/X  £  32  and  -8  £Y/X  £  8.  Contour  minimum  is  0 
(indicating  no  reaction),  contour  maximum  is  0.5  (indicating  maxiiroim 
reaction),  contour  interval  is  0.05. 


Contour  plots  of  concentration  of  the  product  of  chemical  reaction  in 
the  limit  of  infinitely  fast  chemistry  at  (a)  t*  =  31,  (b )  t*  =  39. 
Double  rollup  case,  0  £X/X  £  32  and  -8  <  Y/X  <  8.  Contour 
minimum  is  0.5,  contour  interval  is  0.05T  (AlFo  see  the  caption  on 
Figure  6. ) 


Comparison  of  predicted  and  measured  PDF's  of  the  conserved  scalar 
variable  (f)  at  points  across  the  width  of  the  mixing  layer. 

(a)  predictions  based  on  a  modeled  transport  equation  for  PDF  (Givi 
et  al .  [17]),  (b)  experimental  data  obtained  by  Masutani  and 
Bowman  [19].  The  cross  stream  coordinate  (y)  is  normalized  by  use 
of  y'o  =  [y(<  f  >  =  0.5)]  ,  the  virtual  origin  of  the  mixing 
layer  (x'q)  and  the  streamwise  distance  (x).  These  PDF's 
represent  conditions  at  a  distance  of  x  =  7  cm  from  the  tip  of  the 
splitter  plate  used  in  the  experiments  of  Masutani  and  Bowman  [19]. 
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Figure  9. 


PDF's  of  Che  conserved  Shvab-Zeldovich  scalar  variable  (f)  at 
points  across  the  it,^  -ing  layer  calculated  directly  from  the 
results  of  present  direct  numerical  simulations.  These  PDF's 
represent  conditions  at  a  distance  of  X  =  24  X  from  the  tip  of 
the  splitter  plate. 

Figure  10.  Calculated  mean  and  RMS  values  of  the  Shvab-Zeldovich  scalar 

variable  (f)  from  the  results  of  direct  numerical  simulations, 
versus  the  non-dimensionalized  cross  stream  coordinate  (Y/X)  at 
X/X  =  24. 
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Abstract  -  The  probability  density  functions  of  a  passive  scalar  quantity 
are  calculated  in  a  perturbed  mixing  layer  by  means  of  direct  numerical 
simulations.  The  results  indicate  that  the  two-dimensional  rollup  of  the 
unsteady  shear  layer,  and  the  pairing  process  in  particular,  contributes 
greatly  to  the  generation  of  the  predominant  peak  of  the  PDF’s  within  the 
mixing  region. 

Key  Words  -  Direct  Numerical  Simulation,  Mixing  Layers,  Probability  Density 
Fimctlons,  Coherent  Structures,  Entrainment. 


INTRODUCTION 

Probability  Density  Functions  (PDF’s)  have  proven  very  useful  in  the 
theoretical  treatment  of  turbulent  reacting  flows  since  the  early  work  of 
Hawthorne  et  al.  (1949).  An  approach  based  on  the  solution  of  a  transport 
equation  governing  the  probability  density  function  of  the  scalar  quantities 
has  the  advantage  that  it  provides  a  complete  statistical  description  of  all 
the  scalars  (Pope,  1979).  Therefore,  the  effects  of  chemical  reactions  appear 
in  a  closed  form  eliminating  the  need  for  any  turbulence  modeling  associated 
with  the  scalar  fluctuations.  However,  models  are  needed  for  the  closure  of 
the  molecular  mixing  term  and  also  the  turbulent  convection  (O’Brien,  1981). 

In  most  of  the  previous  work  employing  the  PDF  approach,  the  effects  of 
molecular  mixing  have  usually  been  modeled  by  using  different  stochastic 
models  originating  from  the  same  "family"  of  the  coalesence-dlsperslon  models 
(Pope,  1982),  whereas  simple  gradient-diffusion  approximations  have  been 
employed  for  the  closure  of  the  turbulent  flux  of  the  PDF  (Givi  et  al.,  1984). 
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Among  these  previous  works,  Givi  et  al.  (1985)  used  a  Monte  Carlo 
numerical  routine  for  the  calculations  of  a  modeled  transport  equation 
governing  the  evolution  of  a  passive  scalar  PDF  in  a  nonreacting  two-stream 
turbulent  mixing  layer.  The  results  of  the  prediction  were  compared  with  the 
experimental  data  of  Masutani  and  Bowman  (1986),  which  were  obtained  under 
similar  hydrodynamlcal  conditions.  Good  agreement  between  predicted  results 
and  the  measured  data  was  obtained  for  the  first  two  moments  of  the  scalar 
quantity.  There  was  a  major  difference,  however,  between  the  calculated  and 
measured  profiles  of  the  PDF's.  The  experimental  results  indicated  that  the 
apparent  functional  form  of  the  PDF  changes  very  little  across  the  mixing 
layer  and  has  an  intermediate  peak  at  a  fixed  "preferred"  value  of  the 
concentration  (although  the  magnitude  of  this  peak  changes  as  the  mixing  layer 
is  traversed) .  This  behavior  was  originally  documented  in  the  measurments  of 
Konrad  (1976)  and  Koochesf ahanl  (1984)  in  the  mixing  transition  and  post- 
mixing  transition  (Breldenthal,  1981)  regions  of  the  layer  and  indicates  that 
a  given  mixed  fluid  concentration  has  the  same  probability  relative  to  other 
mixed  fluid  concentrations,  regardless  of  the  position  in  the  layer.  The 
predicted  results,  however,  indicate  that  the  location  of  the  PDF  peak,  with 
respect  to  the  concentration  coordinate,  changes  as  the  layer  is  traversed, 
meaning  that  the  PDF  of  the  mixed  fluid  concentration  varies  with  the  cross 
stream  direction  of  the  layer. 

The  major  reason  for  this  discrepancy,  as  suggested  by  Givi  et  al.  (1985) 
and  Masutani  and  Bowman  (1986),  is  due  to  the  shortcomings  associated  with  the 
gradient  diffusion  modeling  of  the  turbulent  flux  of  the  PDF  and  is  fairly 
independent  of  the  modeling  of  the  molecular  mixing  term  (Kosaly  and  Givi, 
1987).  In  a  highly  intermittent  flow  such  as  a  mixing  layer,  regions  of 
turbulent  fluid  are  interrupted  by  the  presence  of  nonturbulent  surrounding 
fluid.  A  simple  gradient  diffusion  model  is  not  expected  to  accurately 
account  for  this  discontinuity. 

By  the  use  of  direct  numerical  simulations,  it  is  now  possible  to  simulate 
the  mixing  layer  directly  without  resorting  to  turbulence  models  (Riley  and 
Metcalfe,  1980).  Direct  nximerical  simulation  refers  to  the  numerical  solution 
of  the  exact  transport  equations  of  turbulent  flows  by  means  of  very  accurate 
and  efficient  numerical  methods.  Transport  coefficients  are  chosen  to  assure 
that  all  relevant  flow  characteristics  are  accurately  resolved  so  that  no 
turbulence  modeling  is  required.  The  results  of  such  simulations  can  be  used 
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to  obtain  useful  information  on  the  statistics  of  the  variables  characterizing 
the  structure  of  the  flow,  which  in  turn  can  be  used  as  a  basis  for  turbulence 
modeling. 

In  this  communication,  the  results  of  direct  numerical  simulations  are 
used  to  construct  the  PDF  of  a  passive  scalar  quantltly  in  a  perturbed  two- 
dimensional  mixing  layer.  The  profiles  of  the  PDF  constructed  in  this  manner 
are  used  to  address  the  shortcomings  associated  with  the  modeling  of  the 
turbulent  flux  of  the  PDF  in  the  transport  equation  governing  its  evolution. 


A  pseudospectral  numerical  code  developed  by  McMurtry  et  al.  (1986)  was 
modified  to  simulate  a  two-dimensional  temporally  evolving  mixing  layer  under 
the  Influence  of  harmonic  forcing.  The  numerical  resolution  was  upgraded  from 
the  previously  used  64  x  64  grid  to  256  x  256  equally  spaced  Fourier  modes. 
This  upgrade  was  required  for  better  statistical  analysis  of  the  data  used  for 
constructing  the  PDF's.  The  flow  is  assumed  periodic  in  the  streamwise 
direction  and  free  slip.  Impermeable  boundary  conditions  are  employed  at  the 
transverse  boundaries.  Although,  the  laboratory  splitter  plate  mixing  layers 
evolve  spatially  downstream  and  the  numerical  simulations  evolve  temporally. 
Important  similarities  in  the  dynamics  of  these  two  flows  make  It  useful  to 
study  accurate  numerical  simulations  of  the  temporally  growing  layers.  By 
simple  Galilean  transformation,  a  flow  quantity  averaged  in  the  streamwise 
direction  can  be  related  to  the  time  average  of  the  same  quantity  at  a  fixed 
location  in  a  splitter  plate  configuration.  These  averaged  quantltlties  are 
dependent  on  the  tranverse  coordinate  and  the  time.  Again,  the  Inverse 
Galilean  transformation  relates  time  to  the  streamwise  location  in  a  splitter 
plate  configuration.  Thei^  is  one  structure  within  the  periodic  domain  at 
each  time  step.  Statistical  analysis  are  perfromed  by  sampling  256  data 
points  in  the  streamwise  direction  at  each  transverse  location  and  at  each 
time  step.  The  presence  of  periodic  boundary  conditions  allows  us  to  use 
accurate  pseudospectral  numerical  methods;  these  methods  are  discussed  by 
McMurtry  (1987)  and  will  not  be  repeated  here. 

The  flow  field  Is  Initialized  with  a  hyperbolic  tangent  mean  streamwise 
velocity  profile  and  perturbations  corresponding  to  the  most  unstable  mode  of 
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this  profile  and  the  first  subhannonlc  of  the  most  unstable  mode.  The 
properties  of  these  modes  have  been  evaluated  from  linear  stability  theory 
(Michalke,  1964).  The  fundamental  mode  In  the  mixing  layer  produces  a  single 
vortex  rollup.  When  the  subharmonic  is  added  in,  a  second  rollup,  or  pairing, 
can  occur. 

The  normalized  Initial  value  of  the  conserved  scalar  concentration,  f, 
varies  from  0  In  the  bottom  stream  to  1  in  the  top  stream,  and  Its  shape  Is 
approximated  by  the  following  functional  form: 

y 

f(x,y.O)  -  f 

•«D 

The  flow  Is  conveniently  characterized  by  two  nondlmenslonal  parameters:  the 

Reynolds  number.  Re  ■  aU6/v,  based  on  the  mean  velocity  difference  across  the 

layer,  the  velocity  half  width,  and  the  kinematic  viscosity;  and  the  Peclet 

number,  Pe  -  Re  Sc,  where  Sc  la  the  molecular  Schmidt  number.  The  values  of 

these  two  parameters  were  set  equal  to  200,  so  that  the  scales  would  be 

accurately  resolved  on  the  256-256  grid  points  employed  in  the  numerical 

simulations.  The  value  of  y  was  chosen  so  that  the  Initial  concentration 

o 

thickness  and  the  Initial  velocity  thickness  were  Identical.  The  time  depen¬ 
dent  transport  equations  governing  the  hydrodynamical  variables  (velocities 
and  pressure)  and  the  scalar  variable  (f)  are  solved  with  use  of  the  pseudo- 
spectral  code,  the  results  of  which  are  discussed  next. 

The  contour  plots  of  the  conserved  scalar  variable  are  shown  for  the 
purpose  of  flow  visualization.  In  Fig.  1,  we  present  the  time  development  of 
the  contours  of  the  variable  f  at  four  different  computational  times. 

Initially,  the  perturbation  associated  with  the  fundamental  mode  grows  until  a 
time  of  t*  (t*-tAu/fi)  equal  to  12,  when  the  first  rollup  occurs.  Proceeding 
In  time  results  In  the  diffusion  of  the  core  of  the  vortex  and  the  growth  of 
the  subharmonic  mode,  which  expresses  itself  In  the  form  of  a  second  rollup  and 
the  pairing  of  two  neighboring  vortices.  This  second  rollup  Is  completed  by  a 
time  of  t*-36.  Proceeding  further  in  time  results  In  the  diffusion  of  the 
vortex  core  with  no  additional  rollup. 

The  profiles  of  the  PDF's  of  the  variable  f  obtained  by  statistical 
analysis  of  the  Instantaneous  values  of  f  are  shown  In  Fig.  2.  In  this  figure, 
the  PDF  has  been  plotted  as  a  function  of  the  Instantaneous  concentration  f. 
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and  the  cross-stream  direction  of  the  shear  layer.  These  PDF's  represent 
conditions  at  the  initial  stages  of  the  growth  (t*“3)  and  the  final  stage 
after  the  pairing  process  is  completed  (t*“36). 

A  comparison  between  the  two  parts  of  Fig.  2  reveals  the  effects  of  vortex 
dynamics  on  the  structure  of  the  PDF's.  Fig.  2a  shows  that,  at  the  early 
stages  of  the  development,  before  any  rollup  or  pairing  has  occurred,  the 
PDF's  can  be  simply  characterized  by  two  delta  functions  that  are  located  at 
f=0  and  f*l,  with  only  a  negligible  amount  of  mixed  fluid  at  the  mixing  core 
of  the  layer.  This  Indicates  that,  at  any  location  in  the  cross-stream 
direction,  the  fluid  originates  from  either  the  top  stream  or  the  bottom  stream 
without  any  significant  amount  of  mixing  in  the  core.  Fig.  2b  shows  that  after 
the  occurance  of  the  rollup  and  the  completion  of  pairing,  a  third  spike 
appears  in  the  profiles  of  the  PDF  at  a  region  in  the  neighborhood  of  a  concen¬ 
tration  value  of  0.5.  The  presence  of  this  third  peak  suggests  the  existence 
of  a  preferred  mixed  fluid  concentration  equal  to  0.5.  The  combined  effects 
of  vortex  rollup  and  diffusion  are  to  engulf  fluids  from  the  two  streams  and 
mix  them  in  the  cores  of  the  vortices.  As  the  layer  is  traversed,  the 
preferred  value  of  this  concentration  does  not  seem  to  change  considerably  and 
remains  in  close  proximity  to  f=0.5. 

The  trimodal  shape  of  the  PDF  is  consistent  with  that  observed  experimen¬ 
tally  (Koochesfahanl,  1984).  However,  the  experimental  measurements  were 
performed  in  the  transition  and  post-transition  regions  of  the  mixing  layer, 
whereas  the  numerical  data  presented  here  resulted  strictly  from  a  two- 
dimensional  simulation.  This  indicates  that  the  two-dimensional  rollup  of  the 
unsteady  shear  layer  can  be  considered  as  one  possible  mechanism  by  which  the 
third  peak  is  generated  in  the  PDF  profiles. 

It  should  be  mentioned  that  the  presently  calculated  third  peak  of  the  PDF 
at  the  preferred  mixed  fluid  concentration  of  f«0.5  is  less  pronounced  than 
that  observed  experimentally  by  Masutanl  and  Bowman  (1986).  This  may  be  due 
to  the  fact  that  in  the  present  calculations,  the  effects  of  random  turbulent 
motion,  which  can  further  enhance  mixing,  are  not  taken  into  account.  In  order 
to  consider  the  contributions  of  turbulent  motion  into  the  generation  of  the 
third  peak  in  the  PDF  profile,  three-dimensional  simulations  are  required. 


Furthermore,  the  asymmetry  of  the  mixing  mechanisms,  which  has  been  both 
experimentally  (Koochesfahanl  et  al.,  1985;  Koochesfahanl  and  Dlmotakls,  1986; 
Mungal  and  Dlmotakls,  1984)  and  numerically  (Givi  and  Jou,  1987)  observed  for 
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spatially  evolving  flows  cannot  be  represented  in  the  temporal  simulations 
presented  here.  The  asymmetric  mixing  mechanism  results  in  a  preferred  concen¬ 
tration  value  that  is  closer  to  that  of  the  high  speed  stream  and  may  depend 
on  the  ratio  of  the  free  stream  velocities  (Dimotakls,  1986).  In  the  present 
temporal  simulations,  the  ratio  of  the  magnitude  of  the  free  stream  velocities 
is  equal  to  unity  and  the  structure  of  the  flow  is  symmetric  with  respect  to 
the  streamwise  coordinates  (as  shown  by  the  symmetry  of  the  PDF's  with  respect 
to  the  location  (f ,y)=(0.5,0)  in  Fig.  2).  Therefore,  the  ntimerlcal  simulations 
cannot  predict  any  other  than  the  arlthmatic  average  of  the  concentration 
values  of  the  two  streams  (i.e.,  0.5).  Nevertheless,  the  results  indicate  that 
the  rollup  of  the  unsteady  shear  layer  contributes  greatly  to  the  generation  of 
the  predominant  peak  of  the  PDF's.  The  exact  role  of  the  small  scale  turbu¬ 
lence  motion  on  the  enhancement  of  such  generation  requires  full  three- 
dimensional  simulation  and  is  the  subject  of  our  future  research. 

Finally,  the  reason  that  the  methods  based  on  simple  gradient  diffusion 
modeling  of  the  turbulent  flux  of  the  PDF,  such  as  that  employed  by  Givi 
et  al.  (1985),  cannot  predict  the  trlmodal  shape  of  the  PDF  obtained  in  the 
present  simulation  is  due  to  the  fact  that  such  methods  do  not  consider  the 
Influence  of  Intermittency  caused  by  the  large  coherent  structures  in  the 
formulation.  The  results  of  the  direct  numerical  simulations  reported  here 
indicate  the  Importance  of  such  structures  in  the  mixing  region  of  the  shear 
layer  and  suggest  the  need  for  better  turbulence  models  In  order  to  accurately 
predict  the  mechanisms  of  mixing  and  entrainment  in  such  flows. 
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FIGURE  CAPTIONS 


Figure  1:  Plot  of  the  Conserved  Scalar  Variable  (f)  Contours  at  Four 

Different  Computational  Times.  Contour  Minimum  is  0,  Contour 
Maximum  la  1,  Contour  Interval  Is  0.1.  (a)  t*-3,  (b)  t*-12,  (c) 

t*=24,  (d)  t*-36. 


Figure  2:  PDF's  of  the  Conserved  Scalar  Variable  (f)  at  Points  Across  the 
Mixing  Layer  Width,  (a)  t*“3,  (b)  t*“36. 
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Abstract 

\\>  pivsoiit  a  (li'sri  iptioii  of  tln^  t'lnorgiim  fif-M  of  'li- 
i>‘Cl  num'M'iral  simulations  of  fiirlnil*»iif .  rlii'itiii'ally- 
iHarlinj;  Hows.  The  types  of  diiert  iimiieriral  siltni- 
iaiioiis.  pliysiral  is.siies  related  to  implement iiiK  the 
simulations,  as  well  as  the  various  numerii-al  meth¬ 
ods  used  are  descril>e<i.  Examples  are  presented  of 
rerent  apidications  of  'lirert  numerical  simnlaiions  to 
a  \ariety  of  jirohlems.  displaying  both  the  potential  of 
the  method  and  also  some  of  its  limitations.  Finally, 
our  view  of  the  potential  role  of  direct  numeri<-al  sim¬ 
ulations  in  future  research  on  turhuleut.  chemically- 
reacting  Hows  is  presented. 

1  Introduction 

TnrhidenI  flow  (.lynamics  are  often  a  critical  element  in 
comlnistion  proces.ses.  For  example,  iit  non-preinixed 
reactions  the  o\erall  rate  of  product  formation  is  nsti- 
ally  controlled  l>y  the  ability  of  the  turbulence  to  mix 
the  reacting  species  down  to  the  microscale.  The 
present  ability  to  model  turbulence  in  combustion  pro- 
ces.ses  is  very  limited,  however,  due  to  the  lack  of  un¬ 
derstanding  of  the  physical  processes  involved.  This 
has  led  Waltrnp*  (see  also  Northani').  e.  g.,  in  a  dis¬ 
cussion  of  the  development  of  licpiid  fueled,  suiter- 
sonic  combustion  ramjets,  to  list  research  into  turbu¬ 
lent  shear  layers  and  turbulent  lioundary  layers  as  the 
highest  priority  items  deserving  further  research. 

Most  modeling  of  turbulent  reacting  flows  to  date  is 
baseil  upon  either  the  Reynolds-  (or  Favre-)  averaged 
t“<|ualions,  or  the  probability  density  function  eipia- 
tions  (or  some  combination  of  the  two  ).  Both  ap¬ 
proaches  suffer  from  the  closure  problem,  and  hence 
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rely  heavily  on  empirical  models  which  :tre  rif  ipiest ion- 
able  validity  and  generality,  especially  for  combtislion 
prc>cesses.  An  allernati\e  predict  i\e  appro, ■icli  to  this 
problem,  which  avoids  some  of  the  probh'ins  of  these 
other  methods,  is  ilirect  nitnvrical  simulations.  I'his 
approach,  as  applied  to  chemically -reacting  flows,  is 
in  its  infancy.  A  signiriciint  timount  of  work  itsing 
this  inetliotlology  has  beeti  initialed  over  the  pttsi  few 
years,  and  the  method  has  I retnemloits  potential  in 
the  fultire,  as  comptilers  become  larger  and  faster, 
and  as  nnmericnl  methods  become  more  efficieiit  atid 
ntofe  accurate.  The  objei  tive  of  this  article  is  to  ex¬ 
plain  the  basic  methodology  of  vlireci  nttmerical  simu¬ 
lations  when  applied  to  lurliiilenl.  cheniically-reacting 
flows.  The  tliscussion  will  ittcltide  the  various  methcxls 
of  a|)proach.  the  vlilferent  numerical  methods  which 
are  presently  u.sed.  ainl  the  problems  which  can  and 
cannot  be  addressed  with  this  methodology.  Since  we 
are  empha-sizitig  the  methodology,  this  article  is  not 
meant  to  be  a  complete  review  of  past  atul  current 
work.  \\'e  will  draw  on  examples  from  this  work  only 
to  the  extent  th.at  it  helps  to  e.\plain  the  methodology. 

Direct  numerical  simulations  involve  the  numerical 
solution  of  the  time-development  of  the  detailed,  un- 
steavly  structures  in  a  turbulent  flow  field.  Using  very 
efTicient  numerical  methods  and,  usually,  supercom¬ 
puters.  the  fully  nonlinear  governing  evpialions  are 
solved  vlirectly  so  that,  at  most,  only  the  smaller-.scale 
motions  need  to  be  modeled.  Statistical  ilata  are  then 
obtained  by  performing  averages  over  the  computetl 
flow  fiekls.  The  procedure  is  analogous  to  laboratory 
experiments,  but  has  the  advantages  that  (i)  most  of 
the  physical  (|uantities  of  interest  are  known  and  their 
relevant  statistical  properties  can  be  computed  (since 
the  entire  How  field  is  known  at  every  time  stejv).  (ii) 
the  parameters  can  easily  lie  varied,  and  (iii)  experi¬ 
mental  conditions  ate  move  controllable.  The  advan¬ 
tage  over  other  numerical  approaclu's  is  that  the  do- 


slirt'  |>iol)liM)i  cnii  l)e  circunivi'ntt^il.  ninl  (hi>  hi'liav- 
ior  of  large-sr;ile  st riicl iirt^s  diiprUy  ailill>’sseil.  1  hi* 
main  (lisatlvaiitagf*  is  (he  limited  spatial  ami  t»'mpoial 
resolution  nvailahle.  which  limits  (he  range  of  space 
and  time  scales  (and  hence  maximum  Reynolds  and 
Damkdhler  nnmhers)  that  can  he  included  in  the  sim¬ 
ulations.  At  the  ))resent  time  tlirert  numerical  sim¬ 
ulations  are  limited  to  use  a.s  a  re.search  tool.  It  is 
|)0.s.sihle.  however,  that  within  the  next  di'cade  certain 
t>  pes  of  direct  numerical  simulations  will  he  used  in 
applications. 

The  approach  has  heeli  used  successfully  in  the 
study  of  turhuleut,  uonreacting  flows.  For  example,  it 
has  heeii  applied  to  testing  turhuleiice  theories,  from 
analytic  theories  (Orszag  and  Patterson*;  Herring  e( 
al*)  to  second  order  closure  modeling  assumptions 
{Herring':  .‘'chumann  and  Patter.sou";  Bardina  et  aP  ). 
Important  advances  haw  heeu  made  in  the  study  of 
the  atmospheric  houudary  layer  ( Deardorff'')  as  well 
as  of  neutral  houndary  layers  (.Moiii  and  Kim''),  of 
homogeneous  shear  and  homogeneous  straining  Hows 
(Rogallo'"),  and  of  density-stratified  Hows  (Riley  et 
al'*)-  The  method  has  heeu  validat<’d  Ivy  compar¬ 
ing  sinudation  results  with  lahoratory  <lata  for  the 
cases  of  homogeneous,  turhulence  decay  (Mansour  et 
al'*’/,  (tirliuleiit  uakes  (Riley  and  .*tle(cal/'e*'^|,  tuvhu- 
lent  mixing  layers  (Riley  and  Metcalfe*'*),  and  turhu¬ 
leut  houudary  layers  (Moin  and  Kinv’). 

In  this  paper  we  will  first  <li.scu.s.s  in  detail  the 
methodology  involved  in  direct  numerical  simulations 
of  chemically-reacting  turbulent  Hows.  This  involves 
discussions  of  the  various  types  of  direct  .simulations, 
of  some  physical  issues  related  to  the  implementation 
of  direct  simulations,  and  of  the  numerical  methods 
employed  in  sijmilations  to  date.  We  next  discuss  ex¬ 
amples  of  direct  simulations,  pointing  out  in  partic¬ 
ular  some  of  the  ways  that  direct  simulations  can  be 
used  to  address  important  issues.  Finally  we  will  dis¬ 
cuss  how  we  believe  the  methodology  should  be  used 
in  the  future,  including  the  critical  areas  of  research 
in  further  developing  the  methodology,  and  prolclems 
that  are  best  addressed  by  this  methodology.  For  an 
excellent  review  of  the  methodology  and  apidications 
of  direct  numerical  simulations  to  nonreacting  flows 
see  Rogallo  and  Moin*'’. 

2  Methodology 

.\s  the  field  of  direct  numerical  simulations  has  de¬ 
veloped  over  the  past  17  years,  a  \ariety  of  icn|>le- 


meiitatious  has  emeiged.  and  sewial  different  numer¬ 
ical  methods  employed.  In  this  section  we  will  dis¬ 
cuss  the.se  dilfereut  implementations  and  the  numer¬ 
ical  methods  u.sed.  as  well  as  several  phxsics  issues 
which  must  be  addressed  if  one  is  to  properly  appl.\ 
the  methodology. 


2.1  Direct  Numerical  Simulations 


By  the  term  direct  numerical  simulation  we  mean  a 
numerical  calculation  which  solves  for  the  time  devel¬ 
opment  ofdetailerl.  unsteady  structures  in  a  turliulent 
flow  fii'ld.  In  particidar.  weexclmle  an\  calcidation  us¬ 
ing  (he  Reynolds-  (or  Fn\'re- )  awragetl  eqiiat  ions,  exen 
if  applied  to  a  (st  at  isl  icallx  )  unsteady  (urbuhMit  How. 
There  are  sew-ral  implemmitat  ions  of  direct  numerical 
simulations,  which  can  be  classified  as  follows. 

Full  turbulence  simulations  (FT.S)  are  calculations 
in  which  all  of  (he  d.\  naniically  significant  length  and 
timescales  of  motion  are  inrludi*d.  This  implies  re- 
sohing  length  scales  ranging  from  the  size  of  the  do¬ 
main  of  interi'st  down  to  scales  smaller  than  those 
at  which  \iscous  dissipation  and  chemical  reaction 
occur.  We  can  obtain  an  estimate  of  this  range  of 
scab's  for  nonreacting  flows  by  examining  the  ratio 
of  a  length  scale  characterizing  the  energy-cojit aining 
range  ( L, )  to  (he  Kolmogorov  length  scale  (Lj. ).  whi>  h 
characterizes  the  di.ssipation  range.  The  Kolmogorov 
length  scale  is  defined  by  i*.  =  (/z*/f )*/■*,  where  <  is 
the  energy  di.ssipation  rate.  Estimating  (  by  / L, 
(Batchelor*'’),  where  u'  is  an  rms  turlmlent  \elocity 
scale,  the  ratio  of  the  energy-containing  scale  to  the 
Kolmogorov  scale  is  approximately 


Lc  Lf  n'Lf  .3/4 

Lk  ~  (t/^f)*/-*  ~  '  r/  ' 


(1) 


We  see  that  this  ratio  of  length  scales  is  roughly  pro¬ 
portional  to  .  where  Ri  =  u'Lefi/  is  a  Reynolds 
number  ba.sed  upon  the  energy-containing  range  of 
scales.  Therefore  the  number  of  grid  points  ,V  in  a 
particular  direction  is  expected  to  be  proportional  to 
R\^^.  so  (hat.  in  a  three-dimensional  simulation.  th»* 
total  number  of  grid  points  will  be  proportional  to 
{u' L, /v)''/'* .  Most  technological  flows  have  Reynolds 
numbers  in  the  tens  of  thousands  or  more,  which 
would  require  more  grid  points  than  computers  of  the 
present  or  near  future  could  handle.  With  present- 
day  sui>erromputers.  the  maximum  Reynolds  numbers 
achieved  in  such  simulations  are  in  (he  range  of  several 
hundred.  This  limits  this  approach  to  basic  research 
studies. 
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Full  tuilnileiu'i^  sinuilal ions  ori^iinaleil  with  the 
work  of  Orsza^  ami  Patteisoir’,  who  stmlied  hi> 
inot'eiieoiis  rlecayin^  tuil>ulence  ami  the  valirlity  of 
certain  analytical  theories  of  turhiilenee.  Tlie  a|)- 
proach  has  been  employed  further  in  many  basic  re¬ 
search  issues,  including  lurhulenl  dilfusion  (Riley  and 
Patterson''),  magnetic  turlnilence  (Schumann’''),  the 
behavior  of  pressnre/st rain-rate  correlations  (.‘Schu¬ 
mann  and  Patterson'';  Feiereisen  et  al'").  turbulent 
wake>  (Orszag  and  Pao‘":  Riley  and  Metcalfe’’).  Iiir- 
btdent  mi.xing  layers  (Riley  and  .Metcalfe’’’),  and  tur¬ 
bulent  boundar)'  layers  (Moin  and  Kim").  E.xamples 
of  full  turbulence  simulations  of  chemically-reacting 
Hows  are  the  work  of  Riley  et  a|-'  and  .McMiirtry  et 
a  I  . 

In  order  to  avoid  the  Reynolds  number  limitations 
iidierent  in  fidl  turbidence  simulat icnis.  Lillx"'’  aiul 
Deanlorff  ■ '  introrlnced  the  methodology  which  is  now 
know  as  large  eddy  simulations  (LES).  In  large  eddy 
simulations  the  e(iuations  of  motion  are  prefiltered  to 
eliminate  the  scales  of  motion  smaller  than  those  re- 
sohable  on  the  computational  mesh.  This  produces 
eipiations  analogous  to  the  Reynolds  averaged  equa¬ 
tions,  onl.\  the  averaged  (filtered)  terms  now  represent 
the  unresolved  tnotions.  .Mode/s  are  pro(>i.>sed  for  (lie 
filtereil  terms,  and  then  the  eciuations  are  solved  for 
the  resolvable  scales  of  motion  (large  eddies). 

The  avlvantageof  this  ap|iroach  over  F  IS  is  that  it 
has  the  potential  to  treat  very  high  Reynolds  nitmber 
(aiul  Very  fast  reaction)  Hows.  The  disadvantage  is 
liial  nd  livi.  modi  Is  are  necessaiv  to  clo.v'e  the  eqiia- 
tions.  which  introduce  some  uncertainty  into  the  va¬ 
lidity  of  the  results.  The  advantage  of  the  method 
over  solving  the  usual  ReynoMs-averaged  ev|uations 
is  that  the  large-scale  turbulent  motions  are  IreatevI 
almost  exactly,  and  only  the  smaller  scales  are  mod¬ 
eled.  In  the  Reynolds-averaged  approach,  however, 
all  scales  of  the  turbulence  are  modeled.  Therefore 
it  would  Ire  expected  that  the  LES  would  provide  a 
more  accurate  sinudation  of  the  turbulence,  that  the 
LE.S  results  wouhl  be  less  sensitive  to  modeling  a.s- 
sumptions  (since  scales  comprising  only  a  small  per¬ 
centage  of  the  energy  are  usually  movleled).  and  that 
this  .sensitivity  would  decrea.se  as  the  resolution  in¬ 
creases  Another  avivantage  is  that  information  about 
the  detailed  structures  of  the  larger-scale  motions  is 
provided  by  LES.  The  disadvantage  is  that  iengthy 
comput  at  inns  cjf  unsteady  three-dimensional  (or  pos¬ 
sibly  two-dimensional)  flows  are  ref|uired.  whereas,  in 
the  Reynolds-averaged  approach,  usually  steady-state 
and  lower  dimensional  equations  are  consiilerevl.  1  ur- 


thevmore  a  much  larger  range  of  length  and  time  scales 
is  necessary  in  the  LE.‘i  approach,  so  that  a  signifi¬ 
cantly  greater  computational  effort  is  re.piired. 

Large  evhiv  simulatiojis  c.in  be  cl.issified  into  two 
categories,  two-dimensir.inal  (or  axisyimnet ric ).  and 
tliree-diniensional.  In  two-dimensional  l.ES.  in  ad¬ 
dition  to  filtering  out  the  snbgrivl-scale  motions,  the 
ec|uations  are  also  averaged  in  one  spatial  direction. 
This  results  in  a  much  simpler  numerical  problem. 
More  of  the  scales  of  mot  ion  need  to  be  moileled.  how¬ 
ever.  decreasing  the  reliability  of  the  model.  l  urther- 
more,  key  three-dimensional  aspects  of  turbulence, 
e.  g..  vortex-tube  sl let rfi i ng.  ai'e  elimiiial I'd .  which 
ccaisiilerablv  limits  the  dynamics  that  can  bi'  simu¬ 
lated,  Tuci-dinieiisional  LF.S  have  been  mainly  ap- 
plieil  to  the  stinly  of  plane  turbnli  iit  mixing  layers, 
where  it  is  argued  that  a  signilicant  portion  of  the  tur¬ 
bulence  dynamics  are  two-ditneiisional.  Studies  have 
been  carried  out  of  both  nonreacting  (e.  g.,  Patnaik 
et  al-’’’;  Riley  and  Metcalfe’  ’;  Lesieur  et  al'"';  .Icjti  and 
Menon"';  Menon  and  .lou"')  atui  reacting  flows  (e,  g.. 
.Vshurst  and  Barr-"';  (ihoniemet  al’";  McMnrtrv  et 
al'-’-). 

Three-dimensional  LE.S  have  been  nseil  in  a  variety 
of  (>fo)>)ems,  )e  giin)i))g  with  the  boundary  layer  stud¬ 
ies  of  Dearvlorff' and  continuing  with  calcnl.ations 
of  homogeneous  decay  (Mansour  et  al'-’).  chantiel 
flows  (Moin  ainl  Kim  ';  (Irdtzbitch  and  .Sclntmatin'” ). 
and  more  recent  work  on  the  attnosi'lieric  buutidatv- 
layer  ( Moeng'’-’ ).  .\t  the  presetit  no  thn'e-dimensional 
LES  of  chemically-rc'act  itig  turl)ulent  flows  have  been 
performed. 

2.2  Some  Physics  Issues 

in  direct  mtmerical  simulations  it  is  important  to  es¬ 
timate  the  length  scales  of  'he  physical  phenometia 
of  interest  so  that  an  ai)propriate  choice  of  the  ap¬ 
proaches  discussed  alrove  can  be  made,  and  so  that 
the  phetiotnena  can  Ire  adetpiately  resolved  numeri¬ 
cally,  This  is  particularly  true  when  full  turlniletue 
simulations  are  employed.  Usually  it  is  also  impor¬ 
tant  to  estimate  the  parameter  range  for  which  the 
.simulations  can  accurately  juedict  the  idienomena  of 
interest.  (Niven  the  performance  of  supercomputers 
available  now  and  in  the  near  future,  approximately 
two  decades  of  length  scales  cati  Ive  resolved  in  a  three- 
dimensional  simulation.  .As  mentioned  in  the  previous 
section,  using  Equation  (1)  to  estimate  the  maximum 
Reynolds  number  in  terms  of  the  ratio  of  the  largest 
to  the  smallest  length  scales  which  can  be  resolved. 
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I  hi'  innxiniiini  Heyiinhls  mniilifr  is  foiiinl  («,•  !>*•  si-\fr;i| 
Imiidifil. 

Ill'll  flieinical  ri'acliiiii  is  iiirliiili-il.  aihlii ioiial 
pliysica!  paraiiiiMiMs  are  iiivulved.  \\'e  sliall  use  a  unii- 
premixed  leartiDii  to  ileiuonsi  rale  Imu  the  pliX'.iral 
parameters  related  to  cliemiral  reaction  may  aU'eri  ihf- 
scaling  and  thus  the  lechiiiipie  for  direct  iinmeiiial 
simulations.  For  convenience  in  onr  discussion  nv  as¬ 
sume  that  the  Prandtl  ami  Lewis  inimLers  are  I'  lili 
unity,  so  that  onl\  one  dissipative  coellicient.  name|\ 
the  v  iscosity,  is  an  independent  parameter.  7  h*- ^■||,•nl- 
ical  reaction  rate  is  charnclerized  hv  the  L)amkiili|er 
iinmher  Dnj  defined  as 


w  here  r  is  the  the  rate  cueflicieni .  ,  a  charai  l.-ris- 

tic  value  of  the  chemical  concent  rat  ion  fieM  (  \  anil 
Li  length  scale  characterizing  ('.  This  Damkcilder 
nnmlier  gives  an  estimate  of  the  rtilio  caf  the  reaction 
terms  to  the  adveciiiin  terms  in  the  conservatioti  eipia- 
tioti  fur  the  chemical  concent  rat  ioti.  atid  when  it  is  of 
the  i.irvler  unity,  the  vliffnsion  len.gth  scale,  i  e  .  the 
liatchelor  length  scale  (Dt'/i)’^'.  aiul  the  thii-ktiess 
of  the  reaction  zone  are  of  the  same  oiiler.  (Ilei-e  p 
is  tlie  molecular  vliflttsiv  ity  of  C).  A  simulation  n  hicli 
resolves  (  he  diirttsioii  scale  will  t  hen  also  resolve  tin-  re¬ 
act  ion  zoiie.  .\t  high  Damkiihler  tnttiiliers.  for  Innary 
reactions  the  ratio  of  thickness  of  the  reaction  zone 
to  the  diffusion  letigth  scale  vlecreases  as  0{D(ij'^'^) 
(dilison  and  Lihl:>y^^).  Inside  the  reaction  zone,  the 
s|iecies  coticentrat ion  is  stiiall  and  of  the  same  order 
in  Da  I  as  the  thicktiess  of  the  reaction  zone.  Tims. 
Well  di  .signed  ilirect  numerical  simulations  can  proh- 
aldy  handle  u|)  to  about  Uai  =  30  without  losing 
tiumerical  accitracy. 

For  very  high  Damkohler  numbers,  the  reaclioii 
zone  cannot  be  resolved  usitig  curreid  !y  availalvie  com¬ 
puters.  It  is  well  ktiowii.  however,  that  the  rale  of 
chemical  reaction  is  cotil rolled  by  the  rale  of  difTu- 
sioii  of  the  reactatils  into  the  reaction  zone,  wlijch  is 
extremely  thin.  If  the  reaction  zone  is  treated  a.s  a 
sheet  with  zero  thickness,  the  gradient  of  the  concen¬ 
tration  of  the  reactants  is  discontinuous  there.  The 
numerical  sulnlions  of  the  species  concent  rat  ion  eipia- 
tion  may  encounter  loss  of  accuracy.  Fortunately,  a 
conservf'd  scalar,  which  is  smooth  across  the  reaction 
sheet,  can  lie  defined  for  ca.ses  in  which  the  species 
difrusion  coelTicients  are  eipial  and  the  Lewis  nninber 
is  niiitv  (^^’illianls^■^)  The  species  concent  rat  ions,  in- 
rludin.glhe  reaction  product,  can  be  inferred  from  the 


conserved  scalar.  lor  a  Iluvv  with  constant  densilv. 
accurate  o'sults  can  In'  olilaiiu'd  by  num<  rica|  simid.i- 
lions  Using  this  approach  (Itil-y  ei  al'') 

For  a  How  in  which  the  cheniic.d  heat  release  afTecis 
t  he  dv  namics  of  t  he  fluid  t  hiough  v  .11  i.ibh-  deiisil  v .  I  le 
situation  is  somewhat  dilferent.  .Mthough  tin-  species 
coticeiit rat iotis  as  well  as  the  temper, -it  ure  field,  and 
thus  the  ileiisity  fii-ld.  can  still  be  inferreil  from  tin- 
conserved  scalar,  the  fiist  spatial  derivatives  of  these 
<|nanlilies  are  discontinnoits  at  the  t'l'aciion  sheet.  In 
the  siiliition  irf  the  consei  v  at ii 'ii  eipiatious  for  a  vari- 
alile  density  flow,  spatial  derivatives  of  tfie  density 
field  are  reqitired.  Numerical  inarcuracy  due  to  tlu- 
(dbli's  pheiiotif  n.i  may  thus  result  near  tin-  reaction 
shell  ill  anv  immerical  iiielhoil  iiiteiii|ei|  to  eapture 
the  re.iitioii  sfiiit.  llii-.  ills,-,  ,i;i  iiniii  \  ill  ili-riv  ,it  iv  >s  i^ 
•  liie  to  t  lu-  discoiil  ill  nous  nal  me  of  1  h,-  1  i-b-it  ioii'liip  I  e- 
ivveeit  the  conseiveil  sealar  and  li'mperalure  (s,e  |  in. 
ure  1).  anil  mav  be  circumvented  bv  smooihiiig  this 
rel.'itioiiship  In  ph.vsic;il  spa,-,-.  ilii>  smooiliiug  proi-,  -» 
art iliciallv  broadens  the  reaction  zom-  into  a  region  of 
liiiite  thickness.  1  he  struct  lire  c)f  this  reaction  zone 
is  then  entirely  ariifici,d.  If  the  smoothing  |iro<ess. 
however,  can  Iw  contained  within  a  scale  small  with 
respi'Cl  to  the  difllisioii  length,  the  effects  of  the  ar- 
tilici.d  broadening  of  the  reaction  zone  on  the  lluid 
vlynamics  as  well  as  on  the  species  diffusion  may  not 
be  affected  Since  the  reaction  is  diffusion  controlled, 
it  is  expecterl  to  lie  independent  of  the  structure  of 
lemperalnre  and  ilensilv  field  within  the  artificial  re¬ 
action  zone.  The  potential  of  this  method  has  not  yet 
been  explored. 

For  a  reaction  with  an  Arrhenius  temperature  de- 
pmident  rate,  an  avhlitioiial  parameter  E,  the  acti¬ 
vation  energy  nondimen.sionalized  by  the  adiabatic 
flame  temperature,  is  present.  This  additional  pa¬ 
rameter  is  usually  large  so  that  the  large  activation 
energy  asymptotic  analysis  (Williams'’'^;  Uuckma.s- 
ter  and  Ludford^'^)  cati  jirovide  valuable  information. 
.Since  the  Damkohler  number,  the  nondimensional  ac¬ 
tivation  energy,  and  the  Reynolds  number  are  all  large 
numbers,  there  is  a  relative  ordering  among  these  pa¬ 
rameters  which  determines  the  structure  of  the  flame. 
It  is  known  that  in  a  flow  field  where  the  local  dis- 
sipation  rate  is  high  enough,  flame  extinction  occurs 
(Lifiaii^'’;  Givi  et  al'^')-  Heat  is  vliffused  away  from 
the  flame  rapidlv  enough  so  that  the  chemical  heat  re¬ 
lease  fails  to  sustain  the  flame  temperature  at  a  value 
above  which  the  chemical  reaction  occurs.  Because 
of  the  exponential  nature  of  the  tem|>erature  depen¬ 
dent  reaction  rate,  the  heat  release  is  reduced  rapidlv 


oiirf-  :ii'  liMiiperal iiii>  falls  li>  |o\v  iIm*  flaini'  li‘mpfi- 
aiiii>-  lo  fsialilish  I  In-  r<  lali\f  unli  rin;;  of  ilit-  pa- 
raiiM  t' I'  iii\ L>l\ I'll ,  \v('  start  with  thi-  known  si  alinuof 
t  In-  II. inn-  I  lin  kni-'ss  of  ()(  ‘ )  wln-n  i  In-  ll.antf  i-xt  iin'- 

lioii  ixa  nrs  (Lihan^'  ).  Tim  sperit's  ('r>n<'Hnl  latjon  in 
tin-  ll.ann'  s|iiat  is  also  of  tin-  satin-  oiih-f  in  Tln-n-- 
forn,  tin-  lialanrn  Iwtwnnii  I  In-  ililfusion  ll■ln|  ainl  (In- 
rna('tn>n  aivns 
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wln-m  tin'  art  i\ at  ion  I'nni-^y  E  is  not  ni.ilizml  l>\  tlm 
-nliahalii  n.-iJiiH  t  i-nipi-i  at  nix.  ainl  if  is  tin-  fi'x<|in-nr\ 
fartor  of  tin-  l•|n-nli(•al  rnaclioii  Ilii'  i-  lation  ran  lx- 
l•'^\|ill^-n 

/),  as 
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wli'  ix  l.iinalion  (1)  has  l..■l■n  nsi-.l, 

.  Iinlcs  I  In  ri-.-,|in'nr\  fartori-^.  Tin- 
'I'liiix  amoiii;  ill'-  till''-  paraiin-t'i' 


ainl  /)";  "III)  in¬ 
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for  l'x-;i|  llaiin-  <  xliiiriinn  lo  cx-c-nr.  In  ilii'  parann-l'-r 
rani;'-,  tin-  assninpi  ion  'if  rh'-iiiiral  t-iniilil'iinin  in  llm 
1' un.m  oiitsi.h-  of  tin-  llaiin-  sln-i-t  is  n"  lonu'-r  \:ilnl. 
as  part  of  I  In-  Ihjw  (i'-hl  is  I'ln'liii'-allr  li"Z'  n.  If  lln- 
Daiiikohh’r  iiniiilx'r  is  so  larj;i‘  lh:il  tin-  aliov-  I'-la- 
lion  is  not  salisli''il.  tin'  rhcmiral  ii-nriioii  is  attain  in 
'■ipiililiiinni  and  llm  llaiin'  ihirkin-ss  is  si-ah-'l  l>y  an 
•  nhlii  ii.in.'il  farior  of 

In  iiianv  prartic-al  Ihjns.  Iioth  the  Ilxyn')hls  nnin- 
Ix'i'  and  tin-  Damkohli'r  iiiiiiiln-r  arn  wry  larjun  aii'l  am 
l"-\on'.l  the  raiign  for  accurati-  full  Inrlnih-nw  sinuila- 
tioiis.  Ininrt'sting  inforiiial ion  on  llanm  extinrtion  oc- 
rnriiiig  in  a  high  Heynrjids  nuiiilx'r,  high  Daiukdlih  r 
iniiiilier  flow  may,  hownn'r.  Im  ohiainnd  by  a  siinn- 
lalion  with  modrrate  Ifeynolds  tiniiihnr.  Uanik6hl''r 
tiniiiher  atid  activation  f'ln'igy  if  (ho  ahow  mlation 
ran  ho  satisfied.  Tliis  concinsion.  of  course,  is  based 
on  the  a.ssnmpt ioji  that  a  high  enough  Heynolds  iinin- 
ber  ran  be  attained  in  the  simnlations  so  (hat  the  es¬ 
timate  gi\en  by  Eiptation  (1)  can  l>e  employed.  With 
ronlinned  improwment  in  the  coni|intational  power  of 
siiperrompiiters.  the  simulation  of  '.lissipatiw  behav¬ 
ior  of  a  turbulent  flow  bi'conii's  increasingly  possible. 

Since  both  rhemiral  eipiilibrium  flows  and  chemi¬ 
cally  frozen  flows  ran  be  coniiiuterl  using  a  rotiserved 
scalar,  cine  ma>  be  t'*nipted  to  think  that  such  an  ap¬ 
proach.  with  the  ri’artion  sheet  treated  asyniptot irally 
as  a  ilisroni  inuity.  can  be  used  w  hen  the  activation  en- 
'■rg\  is  \ery  high.  The  problem,  however,  (urns  out 
to  be  nontrivial.  Along  the  sln'i-t  wli'-fe  the  value 


of  '  unser\'-'i  scalar  is  at  tin  stc  M  hioiin'i  i  ic  raii'j.  ilw 
iiisl ant aii'-i'iis  hnal  l)aiiik"hli  r  niimlx  i  .  an  I"-  i  inii- 
piii'-d  ami  the  flami'  '-xt  iini  i"ii  cnt.ii.'ii  "f  Lilian'' 
can  be  appli'-il.  Ilie  dillii'iill.v  Ins  in  tin-  fact  that  tin' 
How  liehl  outside  of  the  I'-aciioii  zone  is  divi'I'-'l  into 
a  part  that  is  in  chemii  al  e'|uilibrium  am!  a  part  ili.ii 
is  chemically  fi'izen.  I  In-  t  raiisit  ion  at  tin-  e.|^;e  ..f  i  In¬ 
flame  sheet  to  chemically  frozen  flow  must  be  ii'  aied 
If  I  he  react  ion  zoim  is  t  tea  ted  as  a  slii'i-t .  (  his  t  ransit  ion 
r'-gion  is  a  point  flame  tip.  Tin-  relationships  between 
the  ronsersed  scalar  and  latln-r  r'-|e\aiit  scalar  ipian- 
tities  are  'lilfemiit  for  an  i-i|iiilibrinm  fl"W  ami  for  a 
froZ'-n  flow.  It  is  not  ih-ar  h"'\  tin-  scalar  variabh-s  in 
a  mix'-d  l■l|nilibrinm-fr"Z^-n  flow  can  lx-  inf'  ri'-il  from 
a  i-onserv'-d  sc.-dar.  even  il  ih'-  e.ln,.  ,,f  il,,.  flaiiie  sheet 
can  be  loc.'iled.  ln};en!"Us  iin  lli'xls  miis|  lx-  inveni'-d 
for  treatni'-ni  of  the  flame  sh'''-i  u  iih  hx-al  '-xtim  ii'iii 
in  a  full  turbulence  siiiiulat i.in . 

Despite  tin*  technical  iibslacles  "lie  mav  '-m-onn(er. 
the  tr''atment  "f  tin-  iea'  li';in  zom-  as  a  ilisconi  inii- 
ons  sheet  in  t  In-  si  mu  la  ( ion  "f  i  iirbnleiil  ma'i  ing  Ih  ivv  s 
sei-nis  to  be  an  iiiiporlani  dii'-cli'in  in  tin-  fnliire. 

2.3  Nuinerical  Methods 

W  ith  the  iiinl'-rst.imling  of  (he  h-ngth  scah-s  of  (he 
ph.vsical  phenomena  involved  and  ol  tin'  acenrary  C'-- 
i|uir'-ments  of  various  approaches  of  direct  nutiierical 
simnlat iciiis.  an  appropriate  nunn-rical  schi'tne  must 
Ix'  cinvsen  for  resolving  (he  ph.vsics.  X'arioiis  numer- 
i'-al  schemes  can  be  used  in  direct  inmierical  simula¬ 
tions  of  turbulent  reacting  flows.  Iln-se  methovis  can 
be  classified  into  three  main  categories:  spectral  ami 
pseudi>s|)erlral  meihcxls.  finite  dilfi-rence  ami  finite 
volume  methods,  and  vortex  niethods.  These  meth¬ 
ods  vary  in  acenrary,  computing  efnciency,  and  flexi¬ 
bility  in  treating  boundary  conditions.  Each  methovl 
has  certain  advantages  and  disadvantages,  with  no  one 
method  the  obvious  choice  for  all  proldetiis.  In  select¬ 
ing  a  numerical  methovl  for  a  specific  problem,  it  is 
iniportant  to  understand  the  properties  of  metln.'ds. 
so  that  one  may  make  thi>  optimimi  choice  of  numeri¬ 
cal  method  for  the  particular  probleni  of  interest. 

Much  of  the  work  on  direct  numerical  simulations  of 
nonreacling  turbulent  flows  has  emploved  spectral  or 
psemlo-specl ral  numerical  methods.'  The  ap|ilira(ion 
of  these  methods  to  (url)ulent  reacting  flows  was  initi- 
a(e<l  by  Hiley  et  a|-’'.  and  continiied  by  McMurtry  et 

’  I  Ills  has  left,  in  fa'-t .  te  sein'*  cnnfusinn.  a.s  s.inip  peeplp 
liavp  tpixlpfl  to  Ptpiat"  Hii-P'-l  nuniPiii-at  sinxitalioiis  with  sppc. 
Ir.il  iminpii'-.il  iiiPlli'xts. 


(iivi  el  Leonai'il  ;iiul  ninl  McMiirliy 

et  aP". 

Ill  the  s|)eftral  or  iiseiulospect  ral  iiii-lliod  (sei'  (Jot- 
(liel)  ami  Orszag'"  for  a  rather  roiiiivleie  disriission 
of  these  met  hods),  tile  dependent  vai'ialdi'S  are  t-x- 
pandecl  in  trnncatetl  series  of  orthogonal  fiiiiri ion- 
sat  isfying  the  reipii.ed  hoiiiidary  roiidilions.  Spatial 
deri\ati\es  are  tln’ii  evaluated  locally  in  the  Iraiis- 
fiMtiied  doiiiain,  while  nonlinear  products  are  evalu¬ 
ated  locally  in  the  physical  domain.  .Mainly  Fourier 
series  and  ( 'hehyschev  polynomials  have  lieen  used. 
W  ith  these  functions,  the  maiiping  hetween  the  pliysi- 
i-.al  space  and  the  configuration  space  can  he  elficienlly 
performed  using  a  Fast  Fourier  Transform  aluorilhm. 
The  sped  ral  met  hud.  which  is  eqiii\aleiit  to  a  ( lah  i  kin 
met  hod.  involves  eliminating  entirely  the  aliasing  er¬ 
rors  that  arise  in  evnhiatiiig  the  nonlinear  terms.  Tin- 
psemlospecl ral  method,  which  is  e(|nivalenl  to  collo- 
■  aiion.  retains  some  of  these  aliasing  terms.  I'he  p-eii- 
dospectral  methovls,  which  are  much  e.a-ier  to  imple¬ 
ment  atid  run  several  titiies  faster,  have  heen  most  of- 
|eti  used,  all  hough  not  exclusively  (e.  g..  Orszag  aiul 
l‘atlersoir^:  Kdi'*':  Rogallo*"),  X'arions  l inie-siepping 
sr  hemes  have  hedi  (.“iiiployed  with  the-e  iiKlhods.  in¬ 
cluding  leap-frog.  .Adams-nashforlh.  iiiid  higher-ordi  r 
Munga-Kul ta  schemes. 

.Spectral  and  pseudospect ral  methods  havi  the  avl- 
vanlages  that  phasi'  errors  are  very  small  and  rales 
of  convergence  are  very  high.  If  the  dependent  vari- 
ahle  is  sullicieiilly  smooth  ainl  the  orthogonal  fimc- 
lioiis  have  heen  pro|ierly  chosen,  then  as  the  luimher 
of  orthogonal  functions  .V  hecomes  large,  the  triin- 
catioii  error  ilecrea.ses  faster  than  algebraically  ((lol- 
llieh  and  Orszag*'’).  \'arious  authors  (e.  g..  IVyrel  aiul 
Taylor’*;  llaidvogel  el  al'*'*)  have  found  that  the  pseii- 
dospectral  methods  are  at  least  twice  as  accurate  in 
each  spatial  dimensions  compared  to  finite  dillerence 
schemes  using  the  same  resolution. 

In  order  to  explore  the  cajiabilities  of  |>seiidospectral 
iinmerical  methods  when  applied  to  chemically  react¬ 
ing  flows.  Riley  et  al*'  ajiplied  I  lie  met  hod  to  I  he  color 
problem  with  dilTusion  and  leaclion.  It  was  found  that 
both  vliffusive  and  dispersive  errors  decay  ra|'idly  with 
.V  (the  number  of  Fourier  modes)  when  a  sufficiently 
small  time  step  is  used.  Uecaiise  of  this  high  conver¬ 
gence  rate  and  ilie  lack  of  jdia.se  errors,  high  gravlieni 
regions  could  be  accurately  aiul  elficiently  coni|  iited 
w  it  h  a  moderate  number  of  Fourier  modes.  Tlii.s  prop¬ 
erty  of  t  he  met  liod  is  import  ant  for  simulations  of  a  re¬ 
act  ing  flow  where  the  molecular  diffusion  is  of  primary 
cruiccrn.  W  hen  the  number  of  modi-s  was  not  snlfi- 


cii'iit  to  resolve  tlie  de|)endent  variables,  a  build-iip 
of  amplitude  near  the  cut-off  wave  number  occulted, 
leading  to  signilicanl  errors  in  the  soliiliciii-. 

1  here  ai'i' several  draw  backs  wit  h  this  method.  I  he 
class  of  ccimplete  basis  functions  vvhi<  h  nllijvv  maii  li- 
ing  the  bo'.indarv  conditions  aiul  which  also  posse— 
the  properties  of  rapivi  convergence  are  limiti'd.  1  he 
application  of  Fourier  series  is  restricieil  to  prob¬ 
lems  with  |)erio(lic  or  with  free-slip  boundary  coiuli- 
lions.  W  hile  ( 'hebyscfiev  polynomials  can  be  applied 
to  problems  with  arbitrary  boundary  coiulit  ions,  the 
di-l  ribiit  ion  of  collocalion  points  for  the  method  iiiav 
not  be  ideal  for  many  problems,  Thesi-  collocation 
points  are  densely  packed  near  the  lioimdarv  with 
-pacing  of  (d(.\’').  .Additional  mappiiuj,  i-  re(|uired. 
part  iciilarlv  in  the  far  fiehl.  to  adjust  the  spacine  to  a 
more  reasonable  distribution.  'Idle  met  Inal  in  its  orig¬ 
inal  form  is  limited  in  its  capabilities  for  computing 
flows  around  a  complex  geometrical  shapes  atid  for 
treating  iiillovv  and  outllow  boiindarv'  coiulit  ioti-.  R'-- 
cent  work  on  the  spectral  element  method  (Kcjiczak 
and  I’atera'”:  (ihaddar  et  al*').  however,  ha-  made 
consivlerable  jirogress  in  removing  these  limitations. 
S|>ectral  methods,  because  of  their  inherent  nonlocal 
pro|>ert ies.  also  have  dillicnitv  in  rapturing  discotiti- 
miilies  such  as  sliocks  vvdiile  maintaining  spectral  ac¬ 
curacy.  (Jibb's  phenomenon  vh’velops  al  the  disconli- 
niiilies.  degrading  the  accuracy  of  the  solution. 

Finite  difference  methovls  can  be  const ructevl  to  ar¬ 
bitrarily  high  order  of  accuracy,  but  with  increasing 
computational  effort.  In  general,  second  or  fourlli  or¬ 
der  sclien  it's  are  iiseil  in  computing  complex  How  fiehls. 
I'nfori iinately,  the  large  dispersive  and  dissipative  er¬ 
rors  in  second  order  central  dilferi'iice  schemes  province 
results  which  are  not  acceptable  for  movleralely  high 
Reynolds  number  flows  or  for  flows  with  shock  waves. 
To  circumvent  this  proldem,  either  exjilicit  artificial 
dissipation  is  adtlevl  to  the  scheme,  or  the  scheme  is 
cotistrucled  in  such  a  way  that  artificial  dissipation  is 
im|)licitly  incliulej.  Examples  of  the  former  cati  be 
foiiiul  in  Beam  and  \\'armitig''''  and  .lanieson  et  al'*'. 
atid  those  of  latter  in  Mac( 'ormack 's'*'''  scheme  aiul  the 
QUICK  (Quadratic  Upstream  Inleri>olal ion  for  (''on- 
vective  Kinematics)  scheme  (  Leonard'**' ).  1  he  meth¬ 
ods  can  thus  be  applied  to  smooth  flows  at  movlerale 
Reynolds  number.  In  fact,  many  schemes  ran  com¬ 
pute  flow  with  extremely  high  Reynohls  number  while 
retaining  numerical  stability.  The  Reviiulds  num¬ 
ber  in  these  compiilalions  inobably  loses  its  tiiean- 
ing.  however,  as  the  numerical  vlissipation  dominatv's 
the  molecular  viscosity,  riierefore,  only  large-scale 
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plit^noinf'iin  moy  hp  raptuivil  arcuratcly  tisiiiR  siirli  a 
inflln,nl  at  Reyiiokls  miinl'pc.  IIhmip.  in  appl>  iiiu, 

tlipsp  sclif'iups  to  reacting  Hows,  one  sliouUl  l>i*  careful 
ill  the  interpretation  of  the  results.  Examples  of  us¬ 
ing  Mac{ 'orniack's  scheme  for  large  eihly  simnlalions 
|■,■m  he  fonml  in  the  simulat ions  of  n<jw  in  a  propnlsiijn 
(h’\  ice  (Mellon  aiul  .loir’'':  .Jon  and  .Meiioir’')- 

To  prevent  artificial  \  iscosity  from  smearing  cliscon- 
linuities  (e.  g..  shocks)  over  a  large  mimher  of  grid 
(loints  while  eliminating  spurious  oscillations  around 
a  discontinnitN .  a  cla.ss  of  numerical  schemes  has  hei-u 
developed.  Boris  and  Book^’’’  were  the  Hist  to  eon- 
siriiet  a  finite  difference  scheme,  the  Flux  Corrected 
Transport  scheme,  which  pre.serws  the  nionotonicity 
of  flow  \arinhles  in  a  high  grailient  regicui.  Recent  de- 
Nelopnieiit  of  the  so-called  Total  \'.uiation  Diminish¬ 
ing  (1\  D)  schemes  (e.  g..  Harten’’';  Davis’-;  Roe’*: 
\'ee’*)  also  helc)ng  to  this  category.  The  essential  fea¬ 
ture  o|  I  hesc  schemes  is  a  ''smart"  artificial  viscosity, 
in  the  form  of  a  flux  limiter,  which  is  small  in  the 
region  of  smooth  flow,  hut  v  hich  reduces  the  numer¬ 
ical  scheme  to  a  low  order  one  near  sharp  gradients. 
Tile  solution  can  thus  "negotiate"  the  sharp  gradi¬ 
ent  without  producing  spurious  oscillations.  Study 
of  the  ilissipat i\e  properties  of  T\'D  schemes  using  a 
ccilor  prohlem  is  discussed  hy  Smolarkiewicz”.  It  was 
found  that  the  solution  maintains  the  moiiotoniciiy 
property.  Dissipative  errors,  however,  are  suhstant iai. 
■Again,  molecular  difTiisioii  can  not  he  treated  accu- 
ralely  for  a  high  Reynolds  niimher  flow,  even  when 
the  computations  are  stable.  This  type  of  scheme  is 
ip.  te  successful  in  computing  very  complex  patterns 
of  di>tonation  waves  (e.  g.,  (luirguis  et  ar’”)  Its  ap- 
(dicalioiis  to  other  reacting  flows  can  he  found  in  the 
work  by  Kailasanath  et  aT” .  where  the  flow  is  assumed 
inviscid  and  the  chemical  reaction  is  modeled. 

F’or  a  full  turhuleiice  simulation  of  a  reacting  flow 
in  which  no  phenomenological  model  is  desirable,  (he 
detailed  molecular  dissipative  proces.ses  are  essential 
elements  of  the  physics.  Thus,  the  careful  construc¬ 
tion  of  a  finite  difference  scheme  without  numerical 
dissi|)ation  in  high  gradient  regions  is  important.  Th“ 
Reynolds  number,  the  Damkohler  number,  and  the 
activation  energy  for  tliese  simulations  will  then  be 
restrii'ted  to  moderate  values.  These  restrictions  are 
likely  to  he  more  stringent  for  finite  difference  metli- 
oils  than  those  for  pseiidospect  ral  methods.  For  large 
e<ld.\  simulations,  however,  the  numerical  di.ssipation 
can  he  considered  as  a  crude  siihgrid-scale  model. 

Finite  difference  methoils  have  advantages  over 
sperli  al  met  hods  ill  sev  eral  aspects.  It  is  easier  to 


construct  a  finite  dilfeience  code  than  a  pseudospec- 
tral  coile  for  flow  with  complex  geoiiieirv.  If  propi'ilv 
implemented,  shock  waves  can  he  capliiri-d  more  accu¬ 
rately  with  fiiiile  difleience  schemes.  I  iiially.  f<ir  i  In- 
same  nimiher  of  grid  points,  the  compiitat ional  e||i- 
cieiicy  of  a  finite  difleience  scheme  is  generally  higher 
than  for  a  jiseiidospeciral  scheme. 

.All  interesting  numerical  met  heel  for  solv  ing 
thermo-flnid  poihleiiis  is  the  vortex,  or  perliajis  moie 
appropriatelv .  the  distrihuterl  singularity,  method 
Examph's  of  the  application  of  this  metlioil  to  react¬ 
ing  flows  can  he  found  in  the  research  of  (Ihoiiiem 
et  al'^".  (dioniem  and  CJivi^’'''  and  .Ashiirsi  and 
Barr-’"  for  two-ilimensional  flows.  .Applications  to 
thre.'-dimensional  noiireacting  flows  are  just  emerging 
( hefiiiard’  Ashiirst  ami  Meihiirg''":  (  dioniem  e|  af  ' ). 
Oiilv  t vvo-ilimeiisional  flows  will  he  disciisseil  herie  In 
solving  the  grvverniiig  ei|uatioiis  siihjecl  tr.  ihe  small 
Macli  nnmher  approximation,  the  velocity  field  is  de- 
composeil  into  a  solenoidal  part  and  a  potential  part: 

n  =  V  A  $  +  V*!’. 

If  the  vorticity  distrihiit ion  is  discretized  and  its  spa¬ 
tial  ilistrihntion  is  known,  then  the  solenoiilal  velocity 
field  can  he  ohi aim'd  using  a  (deen’s  function  which 
satisfies  the  re'piireil  hoimdarv  conditions.  Note  that 
the  (deen's  function  can  he  singular  at  a  convex  cor¬ 
ner  The  heat  of  cotnbiist ion  (vroditces  a  local  di- 
latatioti  which  is  idealized  as  a  mass  soitrce  tertii  in 
the  Pois.son  ei|uatioti  governing  the  potential  fiehl  '!>. 
Agaiti,  a  (ireen’s  fiitiction  approach  can  he  employed 
to  fitid  (he  potential  flow  fiidd.  The  cotiihined  flow  ve¬ 
locity  induced  at  (he  locations  of  each  discrete  vortex 
ami  dilatation  source  convects  the.se  .sotirces  to  new 
locations.  If  a  convex  corner  is  present,  then  new  vor¬ 
tices  must  be  shed  at  the  corner  in  order  that  the 
Kutta  condition  be  satisfieil  there.  N'iscous  diffusion 
is  simulated  by  a  random  walk  of  the  discrete  vortices. 

In  its  application  to  Ihe  combustion  of  a  fireiiii.xed 
ga.s.  Ihe  flame  sheet  is  treatevi  as  a  discontinuous  sur¬ 
face  and  its  location  is  tracked  using  the  local  laminar 
flame  velocity  (Sethian'’-).  It  is  eijuivalent ,  inspirit,  to 
the  shock-fitting  method  in  the  computation  of  com¬ 
pressible  flows  with  shock  waves.  The  smoothing  of 
flame  location,  however,  may  he  required  to  prevent  a 
saw-tooth  instaliility  (  Piiulera'''^ ).  This  is  equiv  alent 
of  adding  .some  form  of  artificial  dissipation,  the  ef¬ 
fects  on  the  accuracy  of  the  computation  of  which  are 
not  iimlerstood. 

Since  the  flow  field  away  from  the  sources  is  ex¬ 
pressed  analytically  in  terms  of  the  (deen's  functiDU. 


only  liiglily  ('omplex  sonic*'  rt-gions  i**(|iiir**  ilisri*'(  izi  <,l 
iiimiiTicnl  cfiniiiiitntions.  l’i*'snmalil\'.  ih*'  coni|iiiin- 
lions  r.'iii  lie  iiiail*^  inn'  ll  iiior*'  *'Hici*'ni  I  linn  ilh'  nn- 
iin  riinl  solnlion  of  (lie  piinn(i\e  eipintions.  N'*  <lit<'cl 
|•"n1pn|■ison.  liowever,  lietween  the  I'ompntal ionni  "(li- 
rienries  of  the  ilisi rilni(e*l  singniniily  inethoil  ninl  ili** 
ilisi  r'’t ize'l  field  methods  is  availnhle. 

The  methodolog\  desci'ihed  above  api'lies  to  con¬ 
stant  density  flows,  hnt  with  concent  rat*'*!  mass 
stnirces  to  represent  local  volume  expansion  iliie  to 
h'-at  releaste  ('ertain  dynamii's  are  lost.  howe\er.  For 
a  flow  with  density  iliscont innity.  such  as  a  flame  front 
in  a  premixed  reaction,  the  velocity  inilii'ed  by  the 
vcirlices  ainl  computed  on  each  side  of  tin*  <liscontinn- 
ily  by  t he  Biot-Sa\ art  law  will  be  i  iinal.  1  In- 'l\ nami<' 
bonmlary  condition  at  the  density  'liscont innity  iln-re- 
fore  cannot  be  satisfied  nnh*ss  new  \ortices  are  intro¬ 
duced  there.  This  is  (he  manifestation  of  tlie  <f|eit 
of  baroclinic  tor*|ne.  Recently,  the  generation  of  vor- 
ticity  at  the  flame  I'ront  was  taken  into  consiih-rat ion 
by  I’iiulera'  '*  using  the  vorticity  jump  condition  ai  ross 
a  iliscont  innity  derived  by  Ila\t*s.  Tin*  efl'.-ci^  oftliis 
barc'clinic  toniiieon  t  he  exoliit  ion  of  the  flow  fi*  hi  were 
shown  to  be  vt'iy  strong. 

1  he  Miftex  method  presents  a  nsefni  ("<.•1  to  <om- 
piiti*  in  two  spatial  diiin'iisions  (In*  larg**-sca(i*  fea¬ 
tures  of  complex  pheinanniia  associate*!  with  react¬ 
ing  flows.  'Ihe  conipittation  is  stable  for  very  high 
Ifeynohls  iinmber.  Whether  (he  resulting  flow  (leKI. 
howerer.  contains  all  features  of  a  high  lT:*ynolds  inim- 
bi*r  InrbnIenI  flow  is  still  a  subject  for  ilebate.  The 
results  of  simulations  using  this  method  in  two  di¬ 
mensions  must  be  inti'i'pri'ted  in  the  context  of  a 
large  eddy  simnlat  ion.  Applications  of  (his  nn  ihod  to 
three-dimensional  nonreacting  flows  have  just  begun, 
and  (he  tliree-dimeusiotial  vortex  stretching  mecha¬ 
nism  can  thus  now  be  simulated.  As  discussi'd  in  the 
previous  section,  the  spectral  bainlwi*l(h  of  a  flow  in- 
crea.ses  as  the  Reynolds  number  increases.  Therefore, 
although  (he  vortex  method  may  produce  .stable  com¬ 
pulations.  in  order  to  describe  all  scales  of  turbulence 
accurately  t  he  number  of  singular  vortex  elements  may 
incr**ase  with  Reynolds  number  at  a  similar  rate  as  the 
compiitational  elements  in  a  psend'ospectral  or  a  finite 
dilfei-eni-e  calculation. 


simulation'  can  I'l*  ns<*d  in  tin*  stinly  of  tuibiil'  iit. 
ch'*mi'-all>-ieacting  flows.  We  begin  with  a  si-ipii-ii''* 
of  r'*lat''il  nnmerical  (*xpi  riini*nis. 


3  Examples 


In  this  section  we  intro'luce  examples  of  ilireci  nti- 
mi*rii'al  sinudations  in  onler  to  ileinonstrate  how  such 


3.1  A  Step-by-Step  Sequence 


l’i*rhaps.  the  best  way  to  illustrate  the  us**  of  dii'  it 
numerical  sinudations  of  reacting  turbuh*nt  flows  is 
to  d<*scribe  some  exampl'*s  from  the  ri*cenl  liti  raiuie 
These  examples  are  not  meant  to  be  exhausti\e.  but 
are  chosen  to  illustrate  tin*  'gen**ral  approach.  W<*  shall 
begin  with  a  series  of  studies  in  which  we  ha\e  been 
<lir<*ctl\  in\ol\'*d.  This  sefii-s  starts  with  the  vi*ry  sim¬ 
ple  <*;is**  of  a  consl.'int  ilensily  flow,  ami  graibi;ill_\  tlu* 
'•ompli'xilj  ol  tin*  phvsical  model  i'  iiii  re.-ised .  In  ilo- 
ing  'o.  each  <if  tin-  I'hysi'-al  mi  '  hanisms  *  ,ni  le  i  urm-'l 
on  .nid  edf  in  order  to  isolate  tln'ir  imlivi'lual  effi  cts 
on  (hi-  i-'verall  bi-hari'jr  of  tin*  flow  anil  chuniial  reac¬ 
tion.  In  this  manner  a  systemat  ic  understanding  of  the 
physics  of  ( ufbulenl  retn  iiug  flows  c.-in  b**  (.ibl.nned. 

Till*  series  slarteil  with  tin-  work  of  Rile>  et  a|-’'. 
The  flow  under  consideration  is  a  two  stream  mixing 
layer  with  one  reactant  on  each  sid**.  TTi'-*  fluid  is  as¬ 
sumed  to  III*  constant  density,  so  that  t  In*  fluid  dynam¬ 
ics  are  iiulependent  of  cli'-mical  reaction.  T  he  species 
concentrations  are  inllu**iK'ei|  by  aihection.  molecu¬ 
lar  diffusiciii.  and  chemical  reaction.  I  In-  ch'*micfd  re¬ 
action  is  taken  as  a  binnr\'.  single  step,  irreversible 
reaction  with  a  constant  rate  coellicient.  (Hence,  in 
particular,  the  reaction  rat**  is  tenip<*rature  indepen¬ 
dent.)  T  his  simple  moihl  atidresses  t-ffects  of  the  flu  I 
ilynamics  on  the  chemical  reaction,  luit  not  vice  \ers? 
In  order  to  avoid  the  significtint  numerical  dilficultie' 
as.sociate*l  with  inflow  and  outflow  l.ioundarv  coiuli- 
(ions,  and  to  take  advantage  of  Fourier  i>.seudospectral 
numerical  methods,  the  flow  is  a.ssumei.l  to  be  jieri- 
odic  in  the  streamwise  direction.  Therefore  the  tem¬ 
porally  growing  mixing  layer  was  stinlied.  whereas  in 
laboratory  flows  the  spatially  growing  layer  is  investi- 
gat**d.  The  temporal  proldem  is.  howecer.  closely  re- 
lat<*d  to  the  spatial  problem  when  viewed  in  a  referi-nc** 
frame  mo\ing  at  the  average  \elocity.  and  many  of 
the  dynatnic  characteristics  of  the  spatial  problem  are 
contained  in  the  tem))oral  case.  Full  turbulence  sim¬ 
ulations  ill  three  spatial  dimensions  were  performed 
using  ()-4x(.i-lx(il  point  Fourier  decomposition  of  the 
flow  xariables.  Typical  \alnes  cT  important  parame¬ 
ters  for  the  simulations  are:  Hi  =  I  Li/'jfi-'  — 

Dai  =  r(.\  L.  fr  —  O.l’a.  and  .'’V  =  i.'/D  =  U.O.  (Here 
f  is  the  velocity  difference  across  the  mixing  layer, 
and  f-i/T  is  I  In*  mean  wlocity  half-wi*lth ).  Also.  casi*s 


with  iiifiiiiti'  D.unkolili'r  mimln-r  vvi-ii'  roin|>Ml>  'l  ii'iiii;  lii!;lii  r  ii"Ms  ami  Damkohl'-r  niiinlmi-s 
a  foiisHi\Pil  scalar  ap|>i'oacli.  Alter  a>lilri'ssin;i;  tli>'  fluid  <lyiianiii'nl  l•f^^rls  nii 

Fii!,ure  2  sIkiws  a  series  of  conceiii  ral  ion  contour  clii'inicnl  reaction,  a  kifiical  e.xlension  of  the  v\<jrk  is 
plots  in  a  streainwise  section.  ilis|dayini;  tin-  tine-  to  investigate  how  the  chemical  reaction  modifies  the 
dexelopment  of  the  layer  ami.  in  particular,  the  i;en-  flow  field.  The  chemical  reaction  can  aH'e<(  the  flni'l 
eral  hehav  ior  of  the  reaction  zom*.  F,\en  with  this  dynamics  t hrotiRh  t he \ariali|e  density,  which  is  canse<l 
limited  range  of  parameters.  ,se\eial  impentani  oliser-  liy  the  thermal  e.xpansirni  of  tlu’  fluid  assoi  iated  with 
\alie>iis  and  conclusions  are  obtained  concerning  the  chemical  Imat  release.  This  aspiect  ol  the  prohlem 
fluid  dynamical  effects  on  chemical  reactions,  (Jnal-  was  addressed  hy  ,McMurtr\’  et  al'"  These  au- 
itatively.  the  coherent  structures  in  a  turluilent  flow  thors  assumed  tliat  the  characteristic  Mach  numher 


increase  the  interface  hetwi't'ii  the  two  species,  iluis 
increasing  the  overall  reaction  rate.  Quantitative  in¬ 
formation  is  obtained  by  taking  (spatial)  axerages  of 
\nrious  How  xariables  from  the  results  of  siiindal ion.s. 
Mean  protiuci  thicknesses  are  compufeil  at  various 
limes,  ami  show  that  the  profiles  of  chemical  species 
conceiilraiions  are  self-similar.  A  most  interesiin!>  re¬ 
sult  is  obtained  from  the  axerages  of  the  reaction  l<Min 
at  xarious  limes.  With  constant  reaction  r.’il'-.  the  re¬ 
action  term  can  lu'  averaged  to  give 


i'(  if  B  =  ff  .1  (  p  +  >'(■ 


B 


I  he  indix  idual  components  of  the  above  relatioti  as  a 
function  of  the  cross  stream  coordinate  are  given  in 
Figure  ;{.  The  two  terms  on  the  right  hand  side  are  of 
I  he  same  order  of  niagnitmie  ami  are  of  opposite  sign. 
It  is  xery  clear  that  the  modeling  of  the  correlation 
of  the  fluctuations  of  species  concentration  must  be 
performed  carefully  to  ensure  that  the  overall  chetni- 
cal  reaction  rate  is  accurately  computed.  A  surprising 
result  from  the  si  mix  is  the  xxeak  xlependence  of  the 
product  thickness  on  the  Uamkohler  tnimber.  The 
product  thickness  for  the  infinite  reaction  rale  case, 
xvhich  is  completely  dilfusion  controlled,  is  only  about 
lU'/(  greater  than  for  ca.ses  xvith  moderate  Uamkohler 
numbers.  Finally  the  similarity  luofiles  for  the  aver¬ 
age  product,  computed  from  the  infinite  reaction  rale 
ca.se,  conijiared  favorably  xvith  the  exi>eriniental  re¬ 
sults  of  Mungal'’*.  giving  .some  conlixlence  in  the  re¬ 
sults  of  simulations. 

The  parameter  range  investigated  in  these  e.xper- 
imenls  xvas  very  limited.  The  effects  of  Uamkohler 
number  can  probably  be  examined  in  further  detail 
by  |)erforming  simulations  xvith  values  of  uj)  to  about 
20  to  30.  The  behavior  of  solutions  can  be  stud¬ 
ied  as  the  reaction  rate  is  systematically  increase^|. 
1  he  grid  resolution  has  restricted  the  scales  of  tur- 
bidence  bi'ing  simulated.  W  ilh  a  supercomputer  such 
as  National  Aerodynamic  Simulator,  a  2'}0x250x2.")ii 
grid  point  simulalion  is  possible  and  xxould  greatly 
enhance  the  understanding  of  the  physical  process  at 


of  the  floxv  is  much  smaller  that  unil.x,  (In  practice 
this  xvas  accomplished  by  keeping  the  Mach  numb<-r 
of  the  floxv  sulticieni lx  small  (<  0.3)  and  the  chemical 
re.iclion  sulliciinllx  xxeak.)  For  the  fullx -compressible 
floxv  e.jualions  iucbiding  chemical  heal  release,  a  for¬ 
mal  expansicu)  of  the  independent  variables,  in  terms 
of  a  poxxer  series  in  the  Mach  number,  is  made.  This 
results  in  a  set  (xf  eipialions  as  the  loxvesi  orih  r  ap- 
|iroximalion  in  xvhich  acoustic  xvaves.  a  residl  of  the 
•  laslic  properties  of  the  gas  meilium.  are  filtered  out 
from  the  system,  while  the  density  variations  due  to 
heal  release  effects  ate  retained  (Rehm  ainl  llanm''''. 
Sivashinsky'’''.  Ruckmaster'" .  Majda  and  Sethian"''. 
McMurirx’el  id-'*').  Flie  adxanlage  of  tising  this  set  of 
afiproxintate  eijnatioji.s  i.s  iJiai  iJje  numerical  melhoxl 
does  not  need  to  track  high  freipiency  acoustic  xvaxes. 
Thus  larger  time  steps  ran  be  used,  so  that  the  compu¬ 
tation  is  much  more  effirienl.  With  the  variable  den¬ 
sity  of  the  fluid  taken  into  consideration,  the  chei>  .ral 
reaction  anil  the  fluid  dynamics  are  truly  coupled. 

McMurtry  et  al*'  first  dexeloped  a  )>seudospertral 
numerical  scheme  xvhich  solves  the  equations  for  xari- 
able  density  floxvs  in  txvo  si>atial  dimensions.  The  floxv 
under  consideration  is  the  temiiorally  dexeloping  mix¬ 
ing  layer  as  formulated  by  Riley  et  al"*.  Qualifalixe 
effects  of  the  heal  relea.se  are  obtained,  e.  g.,  by  com¬ 
paring  xort icily  contour  plots  from  these  simulations 
to  those  obtained  xvith  no  heat  relea.se  (see  Figure  4). 
The  roll-up  of  vorticies  is  substantially  suppressed  by 
the  heat  relea.se,  as  is  evident  from  this  figure. 

Ill  a  txxo-dimen.sional  floxv.  (he  vortirity  transport 
equation  can  be  xvritten  in  the  folloxving  form: 

D  fu>\  1  ^  ^  p 
Dt  \  pj  p-  p 

Here  u>  i.s  the  xorticily  vector,  p  is  the  density,  and 
/>  the  |)ressnre.  There  are  txvo  |irincipal  mechanisms 
by  xvlii'di  the  density  of  the  fluid  <an  affei  t  the  xorlic- 
ity  d.x'iiamics.  The  first  is  through  baroclinic  torques, 
represented  bx  the  first  tmin  on  the  right  haiul  si<le. 
Ihese  tori|ues  are  most  olfective  in  the  neighbcjrhood 


of  lli(-  reaction  siiiTace.  wliere  (he  ilensity  is  lowest  aiul 
llie  ileiisily  grailieiit  liigliesl.  J'liis  surface  sejiarales  a 
rejrion  of  production  of  vorticity  from  one  of  destruc¬ 
tion.  The  nltiuiate  effect  appears  to  l>e  to  rednce  llie 
\<)rlicity  in  the  center  part  of  the  mixing;;  layer,  whih- 
increasing  it  at  tlie  outer  edges,  finis  causing  a  more 
iliffnse  vorticity  field.  Without  the  haroclinic  loii|iies. 
the  \orticily  per  unit  mass.  u)//).  would  he  conserved 
following  the  flow  when  viscous  diffusion  is  neglected. 
Tims  (.lecreasing  the  local  density  and  hence  increas¬ 
ing  the  local  volume  (e.  g.,  through  heat  release)  will 
result  in  a  decrease  in  the  strength  of  the  vorticity. 
.\gain  the  vorticity  in  the  layer  is  made  more  diffuse. 
1  he  comhine<l  effect  is  to  ueakeii  vortex  rolIuj>.  caus¬ 
ing  less  reactants  to  he  entrained  into  the  layer,  and 
hence  resulting  in  lower  product  formation. 

Based  on  this  preliininar;.  work  in  t wo  ilimensious. 
.Mo.Mnriry  el  al'^ '  developed  a  three-dimensional  .sim¬ 
ulation  code  using  the  same  methodology.  In  three- 
dimensional  siniulal ions,  the  additional  elfecl  of  vor¬ 
tex  line  stretching  is  included,  so  that  the  simulntic>ns 
can  more  properly  represent  turlmlence.  T\i>ical  pa¬ 
rameter  values  of  R<  =  OtJU  and  Dni  =  2  w<-re  i  hosen. 
Here  J{f  =  Al'f'/i/.  where  AT  is  the  mean  Velocity 
difference  across  the  layer,  and  b  is  the  initial  vorlic- 
ity  thickness  of  llu"  layer. 

Secondary  instahilities  in  the  form  of  streamwise 
vortices  have  lieen  observed  in  the  simulations  of  a 
constant  density  flow  (Hiley  et  al-'M-  Figure  5  shows 
a  com|iari.son  from  .Mc.Murtry  et  of  instant aueous 
concentration  contour  plots  in  a  cross-stream  section 
for  cases  with  an<l  without  heal  release,  revealing  the 
three-dimensional  nature  of  the  flow.  The  heat  re¬ 
lease  suppresses  the  secondary  instahilites  as  well  as 
the  spanwise  vortex  rolltip.  The  sititttlal ions  generally 
cotifirined  what  was  observed  in  the  two-dimensional 
ca.se.  Ill  addition,  the  turfuilenl  Fa v re- averaged  kinetic 
energy  ec|uation  was  examined,  and  the  magnitude  of 
each  term  in  tlie  case  willi  lieat  release  was  compared 
to  that  from  a  cotistatil  density  ca.se  in  order  to  heller 
understand  tin-  effects  of  heal  relea.se.  The  turbulence 
[iroductioti  result itig  from  the  work  done  by  turbulent 
stress  is  shown  to  decrease  in  tlie  case  with  lieat  re¬ 
lease.  It  is  interesting  also  to  examine  the  left  hand 
side  of  the  turfuilenl  kinetic  energy  e<.(ualion: 

+  u. 

Ib  re  Ji  1/  is  the  Favre-average<l  turbulent  kinetic  en¬ 
ergy.  The  left  hand  sirle  can  thus  be  written  as  the 
substantial  derivative  of  (he  turbulent  kinetic  energy 


anil  a  term  which  gi\es  (he  contribution  from  the  di¬ 
latation  V  U,  l  lie  dilatation  field  is.  of  cniirse.  (he 
result  of  thermal  expansion  due  to  heat  relea.se.  If  the 
term  with  dilatation  field  is  moved  to  (he  right  hand 
side  of  the  Fa\  re-averaged  (nrbulent  kinetic  energ.\ 
e<|ua(ion.  it  will  represent  destruction  of  turbulent  ki¬ 
netic  energ.x  due  to  thermal  expansion,  a  conclusion 
consistent  with  that  olilained  hy  using  the  vorticity 
transport  equation. 

The  t}  pe  of  methodology  used  in  this  study  has  sig¬ 
nificant  potential  in  fninre  research.  In  particular, 
the  use  of  a  conserved  scalar  for  infinite  Damkdhler 
nnmher  cases,  wit  h  possible  art  ificial  smoot  hing  of  I  he 
llame  slnictiire.  is  a  |>o|en( iall.v  frnilfnl  resi’arch  di¬ 
rection.  High  Damkolder  nnmi'er  simulations,  with 
Dll/  —  0(;ll)).  may  be  perfurminl  to  v.aLdate  the  in¬ 
finite  Damkohler  number  results  using  flame  smooth¬ 
ing. 

With  a  preliminary  nnderstaiuling  of  (he  heat  re- 
le.ase  effects  Oil  (lirluilent  mi.xillg.  (he  I/.  .K(  slep  has 
lieen  to  examine  how  a  temperature  ilependent  chem¬ 
ical  reaction  rale  would  alfeci  the  flow  field,  and 
vice  versa.  According  to  the  asymptotic  analysis  of 
ignition-extinction  phenomena  hy  bihan"''’.  a  dilfnsion 
llame  in  a  medium  with  gi\en  activation  energy  ma.\ 
he  extinguished  when  the  local  scalar  dissipation  rale 
exceeds  a  certain  limit.  For  convenience  of  discus¬ 
sion.  we  assume  that  the  temperature,  concentration, 
and  all  the  gas  properties  are  the  same  for  lioth  the 
fuel  and  oxidizer,  and  that  the  frequency  factor  for 
chemical  reaction  and  the  density  of  the  gas  are  hoth 
constants.  The  extinction  limit  is  givtui  by  a  lower 
bound  on  the  local,  inslantaneons  reduced  Damkohler 
numher  as 

0,121Du/;|VZr^E-^-^)  <  U.Sl.lc, 

where  Z  is  an  api)ro)>riately  defined  conserved  scalar. 
|VZ|  is  evaluated  locally  at  the  slochiometric  surface, 
and  Dit/j  is  the  second  Damkohler  number,  defined 
in  terms  of  the  free  stream  values  and  a  characteris¬ 
tic  length.  For  more  details  of  this  extinction  limit, 
see  Williani.s'^'^.  Peters  and  Williams'''  ar.gned  (hat.  in 
tlie  turbulent  diffusion  flame  of  a  jet,  tlu'  scalar  dis- 
sijiation  rate  near  the  jet  exit  is  so  large  that  regions 
of  local  extinction  (holes)  in  the  flame  sheet  may  be¬ 
come  connected  so  that  the  flame  sheet  is  ruptured. 
■A  flame  can  thus  not  be  sustained  (liere.  Hence,  the 
flame  lifts  off  and  st  ahilizes  at  a  Im  at  ion  furl  her  dowii- 
sti>*ani.  where  the  local  dissipation  rate  is  smaller  than 
the  extinction  limit.  This  explanation  of  flame  liftoff 
is  certainly  plausible,  althongli  it  isdilficult  to  confirm 


ex|H'rimeiitally.  Nunieriral  siinulalioiis  of  this  pli*'- 
iioniena  ran  he  useil  to  learn  more  ahoni  the  slrnr- 
tiire  of  tlie  flaiiK'  slieet  in  a  Inrhnlenl  (low.  and  also 
to  ohiain  a  better  uiulerstaiuling  of  the  ih-tails  of  the 
inechanisni  of  the  rupturing  of  the  (lame  sheet, 

(iivi  ef  al^'  initiaterl  an  investigation  of  tliis  proh- 
lem  using  a  temporally  growing  mi.xing  layer  simula¬ 
tion.  The  simulations  were  two-dimensional,  and  typ- 
iral  parameter  values  were  Rf  =  '2U(J.  Dof  =  10.  and 
an  activation  energy  of  £  =  if  when  normalized  hy 
the  adiabatic  (lame  temperature.  Figure  11  shows  the 
contours  of  instantaneous  rate  of  reaction.  Along  the 
braids  of  the  rolled  np  vortex,  where  the  strain  rate  i.s 
high,  the  tem|ierature  is  reduce(.|  to  a  very  low  value 
and  the  flame  becomes  exliiict.  (iivi  et  al  aUo  solve 
the  eipiation  for  a  conserved  scalar  fieUl.  For  the  in- 
(inite'  reaction  rate  case,  the  snriace  where  ihe  scalar 
achie\ es  the  stochiomet ric  \ able  is  i he  (lame sliei-t .  An 
examination  of  the  e.xtinction  condition  given  above, 
olitaiii'-d  from  asymptotic  theory,  shows  that,  at  the 
edge  of  the  flame  sheet  ill  the  siinnlatioii.  the  dissipa¬ 
tion  rate  (.lues  satisfy  the  exlindion  crilericjn. 

Further  interesting  questions  regarding  flame  e,\- 
tiiictioii  can  lie  addressed  using  numerical  simulations. 
For  example,  after  the  flame  becomes  extinct,  the  re¬ 
actants  diffuse  towards  each  other  to  form  a  premixed 
fuel  mixture.  Subsequent  exciits  are  not  clear.  For 
example,  when  the  dissipation  rate  has  decri'a.sed  to 
a  low  enough  le\e|  as  a  restilt  of  diffusion,  would  the 
(lame  then  propagate  into  the  mixture  in  the  form  of 
a  premixed  flame?  I'he  preliminary  simulation  results 
indicate  that  reignition  does  not  occur,  and  the  react¬ 
ing  sheet  continues  to  shrink.  Of  course,  only  ca.ses 
within  a  restricted  range  of  |iaramcters  wore  simu¬ 
lated.  Whether  the  conclusion  can  be  generalized  or 
not  remains  to  be  determined.  The  mechanism  by 
which  the  flame  is  reigiiited  is  important  in  under¬ 
standing  the  nature  of  flame  liftoff.  To  further  inves¬ 
tigate  the  structure  of  a  flame  sheet,  a  numerical  code 
for  simulaling  the  tliree-iliiiiensional  turbulent  motion 
in  a  plane  jet  with  chemical  reaction  is  currently  be¬ 
ing  developed  (Oivi  and  Isreali'").  Simulations  of  the 
flame  extinction  phenomena  using  this  code  will  pro¬ 
vide  a  more  complete  picture  than  the  |irevious  two- 
ilimensional  simulations.  As  we  have  di.scussed.  the 
activation  energy  in  a  practical  system  is  large.  The 
flame,  when  it  exists,  has  a  thickness  of  the  order  of 
£~'  compared  to  the  diffusion  scale.  Therefore  nu¬ 
merical  resolution  is  a  serious  prolilem.  ^'et  a  con- 
ser\ed  scalar  approach  is  not  suitable  since  only  part 
of  I  he  flow  field  is  in  chemical  equilibrium:  the  re- 


maiiuler  is  chemically  frozen.  An  ingenious  approach 
is  needed  which  would  trc'at  the  (lame  sle  ei  as  a  dis- 
cont  innity. 

3.2  Other  Examples 

An  example  c)f  the  use  of  full  turbulence  simulations 
to  test  theoretical  hypotheses  for  ch<>mically-riact ing 
turbulent  flows  is  given  by  Leonard  and  Hill'^'’.  They 
studied  the  behavior  of  two  chemical  species  under¬ 
going  an  irreversil.ile.  isothermal,  .second  order  chem¬ 
ical  reaction  in  a  homogeneous,  incompressible,  de¬ 
caying  turbulent  flow.  The  initial  concentrations  for 
the  two  species  were  in  stochiometric  proporlii.in  and 
were  defined  :ts  si|uare  waves  wlncii  m  -re  out-of-phase 
so  that  the  reactants  weri'  approximately  segiigated. 
In  order  to  ^let^>rmine  the  effect  of  the  reaction  rate  on 
various  statistical  properties,  thn-e  calculations  were 
performed,  for  Damkohler  numbers  of  U.  '>.  and  It). 
Pseiidospect ral  numerical  methods  were  nseil.  the  cal¬ 
culations  l>eing  performed  on  d2x;i2x3'J  point  compu¬ 
tational  grids.  The  initial  turbnlent  Reynolds  nnmlier 
(based  upon  the  Taylor  microscah')  was  2T  atid  the 
Schmidt  number  for  both  speci.'s  was  0.7. 

Two  hypotheses  were  tested,  The  lirst  was  Toot's'* 
hypothesis,  which  was  made  for  reactants  which  are 
initially  in  stochiometric  proportion  and  ha\e  equal 
diffnsivities.  Based  upon  results  from  certain  limiting 
cases.  Toor  hypot hesized  that  the  reactant  concentra¬ 
tion  covariance  was  independent  of  the  reaction 

rate  and  therefore  could  be  determined  from  a  mixing 
experiment  (without  cluMuical  reaction).  Patterson'" 
propo.sed  a  model  for  the  joint  probability  ilensity 
function  (I'df)  for  {C'a.('d)  which  tloes  not  explicitly 
depend  on  the  initial  stoichiometry  and  which  enables 
the  prediction  of  various  terms  in  the  moment  erpia- 
tions  for  C'a  and  C'g.  e.  g..  the  reaction  covariance 
term. 

From  the  numerical  simulations  Leonard  and  Hill 
com|iuted.  in  particular,  the  reaction  covariance  term 
for  the  three  ca.ses  for  different  Damkohler  numl  ers. 
They  found  that,  as  hy|>othesized  by  Toor,  this  term 
was  api>roximately  inde|)endent  of  the  reaction  rate. 
This  allowed,  e.  g.,  the  closure  of  the  eipiations  for  C'  i 
and  Cg.  and  their  accurate  estimation.  The  predic¬ 
tions  of  Patterson's  model  did  not  compare  well  with 
simulation  results.  In  order  to  explain  this  discrep¬ 
ancy  the  joint  pdf  of  (  '  \  and  Cg  were  computed  from 
the  simulation  results,  ami  were  fouml  to  not  retain 
the  form  assumed  by  Patterson. 

The  results  of  Leonard  and  Hill  are  only  preliminnr\ . 


The  resolution  was  fairly  rourse  and  the  Reynolds 
nniiilier,  es|iecially  towards  the  end  of  the  sinndations. 
was  very  low.  The  work  gi\es  a  jrood  exain|de.  how- 
e\er.  of  how  direct  nnnierical  siinnlai  ions  can  !»■  nsi-d 
to  test  theoretical  hypotheses  regarding  cheinieally- 
reacting  tnrhnlent  Hows.  W'e  expect  that  this  will  he 
oin  of  the  principal  uses  of  direct  nniiieri>  al  -initila- 
tions  in  the  near  future. 

Another  use  of  direct  numerical  simulations  is  in  the 
prediction  and  study  of  reactant  (and  other  parame¬ 
ter)  prohahility  density  functions.  There  are  a  numher 
of  ailvantages  in  theoretical  approaches  ic>  chemically- 
reacting  turl)ulent  flows  which  employ  the  )idf  conser¬ 
vation  eipiation  (see.  e.  g..  O'Brien'^).  For  example, 
the  reaction  term  in  the  pdfec|uatiou  is  closed,  and 
the  conserved  scalar  approach  can  he  reailil>  utilizf-d. 
('Insure  problems  for  other  terms,  e.  n  the  mixing 
terms,  remain  a  primary  diiriculty.  however.  .Vnother 
dilficulty  with  this  approach  is  in  the  solution  of  the 
resniting  eipiations.  The  dimensionality  of  the  eipia- 
tioiis  is  the  sum  of  the  usual  dimensions  (e.  g..  x.  /) 
the  usual  dependent  variahles.  riierefore  for  re¬ 
acting  flows  (he  diinensionalit.v  of  the  system  can  he- 
come  very  large,  ohviating  a  solution  In  stainlard  nu¬ 
merical  methods.  To  circumvent  thisprotdem.  Monte- 
Carlo  methods  have  Iven  used  to  iiulirectly  solve  the 
the  pdfecpiation  (and  to  olitain  other  statistical  (ptan- 
tilies;  Prate'''.  Pope*'’). 

In  the  Monte-Carlo  apiiroach,  in  order  to  solve  the 
pdf  etpiation  an  auxiliary  proldem.  sometimes  called  a 
Langevin  problem,  is  often  introduced.  The  Langevin 
problem  is  a  (theoretically)  realizable  proce.ss  which 
has.  as  its  pdf  equation,  the  original  pdf  equation  of 
interest.  To  solve  for  the  pdf  (or  other  statistics)  of 
interest  (hen,  the  auxiliary  problem  is  .solved  (often 
many  times),  and  either  ensemble,  time,  or  spatial  av¬ 
erages  are  performed.  The  advantage  of  this  approach 
is  that  the  Langevin  problem  is  usually  much  eas¬ 
ier  to  solve  numerically,  and  the  computational  time 
increases  approximately  linearly  as  additional  depen- 
ilent  variables  are  included. 

When  apiplied  to  chemically-reacting  tnrlxileiit 
flows,  the  Langevin  problem  for  a  modeled  pdf  etpia- 
tion  is  usually  some  simplified  reacting  flow  system. 
As  more  sojihistication  is  advied  to  the  modeled  terms 
in  the  pdf  equations,  the  Langevin  problem  becomes 
more  like  the  original  turbnient  reacting  flow.  The 
realism  of  the  pdf  equation  is  then  indicated  by  the 
sophistication  of  the  corresponding  Langevin  .system. 
As  pointed  out  by  Riley  and  Metcalfe''’,  direct  nnineri- 
cal  simulat  ions  can  he  considered  as  Langevin  systems 


for  particular  pdf  niodid  e(|ualions.  And  in  fact  eon- 
sidi'inhle  physics  c.an  incorporate  into  this  system, 
tnakittg  (he  pilf  model  highly  re.alistic. 

Past  Langev  in  systems  us<-d  in  M'Uite-t 'arlo  ap¬ 
proaches  to  solving  the  pdf  equations  have  not  di¬ 
rectly  includeil.  e,  g..  the  ph.v  sics  of  the  large-scale 
structures  ocettrring  in  the  flow,  nor  of  the  .Schmidt 
and  Reynokls  numlier  effects  on  micromixing.  Those 
features  '.vere  recently  included  in  a  study  by  Lin  aitd 
Pratt"  of  a  chemically-reacting.  si>atiallv-growing  free 
shear  la.ver.  They  considered  a  diffusion  flame  with 
an  isothermal,  irreversible,  infinite-rate,  binary  chem¬ 
ical  reaction.  t wo-dimensiotial  large  ei|dy  simula¬ 
tion  was  employed,  using  a  modified  vortex  methcul  to 
compute  the  unsteady  (inc(pmpressihle)  vchxity  field. 
The  chi'inical  reaction  was  treated  using  the  conserved 
scalar  approach,  and.  in  particular,  molecular  tnixing 
was  ti'p'ated  using  ('urTs"''  minlel.  The  mixing  rate 
)  wa.s  vietermined  from  the  estimation  by  Broadwell 
anil  Rreiih-iit  hal ' ''  of  the  t  i  me  scale  required  to  diffuse 
across  the  Kedmogorov  length  scale.  They  userl 

Rf'-I- 

f  =  C'|u>(x,f)| 

whi't'e  ('  is  an  empirical  constatit  and  u>  is  the  local 
grid-sc.ale  vortifity.  Their  work  can  be  considered  one 
of  (he  first  where  sidigrid-scale  models  were  emidoveil 
in  a  large  edd.v  simulatioti  involving  chemical  reaction. 

Lin  and  Pratt  carried  out  simitlations  for  three  dif- 
feretit  velocity  ratios  [r  =  f'i/f’2  =  0.  U.3.  and  O.ti). 
and  two  different  .Schmidt  numbers  (0.7  and  000). 
The  latter  corresponded  to  values  for  experiments  car¬ 
ried  out  by  Konrad''"  and  Breidenthal^*.  respectively. 
Their  results  for  various  velocity  statistics  gave  rea¬ 
sonable  agreement  with  laboratory  data,  except  for 
(he  lateral  rms  velocity.  Predictions  of  various  con¬ 
centration  statistics,  in  particular,  the  vlependence  of 
the  noiulimensional  product  thickness  on  the  Schmiilt 
number,  showed  rea.sonable  agreement  with  (he  labo¬ 
ratory  data. 

We  think  that  the  utilization  of  direct  numerical 
simulations  for  Langevin  systems  for  pdf  movhd  evpia- 
tions  has  considerable  potential.  R  allows  (he  injuit 
of  ratlier  sophisticated  models  into  the  julf  ecpiations. 
On  (he  other  hand,  pdf  models  might  sug.gest  partic¬ 
ular  subgrid-scale  closures  to  be  implemented  in  large 
eddy  simulations. 

The  numerical  simulation  of  compressible,  turbu¬ 
lent,  chemically  reacting  flows  is  in  an  embryonic 
state.  There  are  specific  [iliysical  phenomena  in  which 
acoustic  wavi’s  are  an  integral  component.  For  ex- 


aiiipli'.  I iirliuli’iit  it'artiiig  (lows  in  a  rnMijil  roin- 
Inislor  may  inli'iaci  with  acoiislir  wa\>*s  to  |>i(ii|ii,(- 
largo  am|)litii(lo  prossnro  osi'illntions  (o.  n,.  Smith  aij.i 
Zukoski''" ).  Flirt liormnrt'  Kolvin-Holmlioltz  iiisial>i|- 
ities  aro  much  woakor  in  supersonic  mixing  layers, 
which  may  result  in  drastic  reductions  in  the  rate  of 
chemical  reaction.  Several  lueliminary  attempts  have 
been  made  to  simulate  these  flows.  For  the  raniiet 
proldem.  Mellon  and  Joir’'^  and  Joii  and  .Menoir'  iise.l 
direct  numerical  simulations  to  address  the  interact  ion 
between  vorticity  fluctuations  and  acoustic  waves  in  a 
combustor  with  no  chemical  reaclions.  (iiiirgiiis  e| 
al"’''  included  chemical  reaction  in  a  similar  conngu- 
ration.  We  shall  briefly  re\iew  the  work  of  .Jon  and 
.Menoir'  as  an  example  of  how  one  can  deduce  acous¬ 
tic  information  from  the  results  of  the  simiilal ions. 

.Mellon  ami  •lou"''  considered  the  flow  in  a  simpli¬ 
fied  model  of  a  ramji-t  combustion  chamber  by  solv¬ 
ing  till'  compressible  Na\ iei-Stokes  eiiuatioiis  in  ax- 
isymmet  l  ie  form  using  Mact 'ormack's'^'' explicit  algo 
liilmi.  Because  the  computer  re(|uiremen(s  fora  three- 
dimensional  simulation  of  this  flow  are  beyond  the  ca¬ 
pability  of  the  existing  computers,  they  addressed  the 
effects  of  large  scale  vortical  structures,  which  max 
be  predomiiianl l\  axisymniet ric  in  this  case.  It  is  ex¬ 
pected  that  onl.x  the  longitudinal  acoustic  mode  will 
interact  with  the  vortical  ilist urbances  to  produce  the 
low  frequency  luessure  oscillations  prevalent  in  the 
combustor.  Thus,  axis}  nmiet ric  vortical  disturbances 
may  be  predomiiiant.  The  flow  field  was  started  from 
rest  liy  lowering  the  downstream  pressure  to  a  pre¬ 
scribed  value.  .After  an  initial  transient  period,  the 
(low  field  settles  into  a  stationary  oscillatory  state. 

As  shown  ill  the  vorticity  contour  jilot  in  Figure  7. 
the  shear  layer  behind  the  backward  facing  step  rolls 
11])  into  vorticies.  and  the  merged  large  structures  sub¬ 
sequently  ini|)inge  on  the  nozzle  wall  downstream.  To 
understand  tlie  iiliysical  phenomena,  (he  acou.stic  field 
is  visualized  in  a  unique  way.  If  one  defines  the  acous¬ 
tic  component  of  (he  disturbances  to  be  (hat  of  an 
unsteady  |)oten(ial  flow  (A'ales^'^).  (he  instantaneous 
dilatation  field  V  aiul  (he  acoustic  potential  ‘I>  are  re¬ 
lated  as  follows: 

V-4>  =  P. 

( 'omp.iring  this  with  the  eijuatioii  relating  the  vortic¬ 
ity  to  the  stream  function  (V'T'  =  — ui).  which  repre- 
seiil.s  the  soleiioidal  field,  it  is  .seen  that  the  dilatation 
tiehl  pla.xs  a  role  in  acoustics  analogous  to  that  of  vor- 
ticitx  for  a  soh'iioidal  field.  Since  vorticity  has  been 
successfully  used  to  visualize  rotatic^nal  distiirliaiices. 
the  dilatation  field  may  lie  tak<’n  as  a  representative 


ipianlily  for  visualizing  acoustic  disturbances. 

Figure  IS  shows  an  inst ani ain  ous  ililalation  field  to- 
gi-ther  with  tin-  correspoiiding  \oiticity  fii-ld.  It  was 
found  that  tlu-  near-rmid  dilatation  is  dominated  by 
(he  pseiulo-sound  and  (he  propagational  aspects  of 
acoustic  waves  are  lost.  Tim  ililalation  field  thus  gixes 
the  (.letailecl  characteristics  of  the  acoustic  sources. 
.Around  each  vortex  a  (|uadrupole  dilatation  field  is 
clearly  identifiable.  Near  (he  region  where  large  vortex 
structures  impinge  on  the  nozzle,  the  structure  of  ili- 
latation  field  appears  very  complex.  The  wavelengths 
of  the  longitU(.linal  acoustic  waxes  in  tlm  combustion 
chamber  are  cif  the  order  of  the  length  of  tlm  combus¬ 
tor.  and  hence  are  much  larger  than  (he  length  scale 
of  (he  impinging  xortex.  T  hus,  the  acoustic  sources 
near  the  xcuiex  impingi'iiient  jioinl  ran  be  foiisidered 
compart.  The  behav  ior  of  such  a  compact  source  can 
be  represented  by  its  mnitipole  expansion  in  terms  of 
a  distribiileil  dilatation  field.  Therefore,  we  take  the 
first  two  spatial  moments  of  the  complex  dilatation 
field  ox>  r  a  region  to  give  the  moiKipole  ainl  dipole  as; 

Qi  =  /  j^  VdV 

The  time  variation  of  the  vorticity  fliictiiations  in  the 
same  region  are  also  determined  by  integration  over 
(he  .same  volume.  Figure  9  shows  the  time  variation 
of  the  monoivole.  (he  dipole  and  (he  vorticity.  It  is 
evident  that,  as  (he  large  vortical  structures  impinge 
on  (he  nozzle  wall,  a  strong  rlipole  which  is  appro.x- 
imately  18U°  out-of-pha.se  with  the  vorticity  fluctua¬ 
tion  is  present  . 

Jou  and  Menoir'  n.sed  this  information  to  construct 
a  model  for  acoustic  wave/vortex  interactions.  This 
method  of  simulation  and  ilata  analysis  demonstrates 
the  potential  use  of  numerical  simulations  of  compres.«- 
ible  flow  in  analyzing  (he  behavior  of  flow  variables 
such  as  the  dilatafion  field  which  are  ditficult  or  im¬ 
possible  to  measure  experimentally.  The  exti'iision  of 
(his  simulation  method  to  cases  with  chemical  reac¬ 
tion.  which  may  create  strong  acoustic  monopoles,  is 
currently  umler  investigation.  Extension  of  this  code 
to  three-dimensions  reipiires  the  capabilities  of  the 
next  generation  of  supercomputers.  Preliminary  sim¬ 
ulations  of  the  combustion  and  (low  fii'hl  in  a  ramjet 
have  been  reported  by  Kailasanath  et  al.^^ 

Sujiersoiiic  combiistion  is  an  active  area  of  research, 
partly  liecaii.se  oftlie  ciirn-iitly  inl''res(  in  (he  National 


Aerospacp  Plane.  Drimniioiul'^'’  attempte(l  tosinmlate  standing  particular  pliysical  processes,  and  ilevidoping 
a  mixing  layer  villi  a  realistic  hydrogen-oxygen  reac-  and  testing  of  models. 

lion.  .Some  further  results  were  presented  l>y  Zang  el  l„  ||,^  foreseeal.le  future  only  two  to  three  decades 
al  The  Mach  numher  of  !.■'>  and  Reynohls  niim-  of  length  .scale  can  he  resohed  using  the  most  powei- 
her  of  dTOU  were  chosen.  The  finite-thickness  trailing  ful  computational  facilities  axailahh'.  Full  turlmlence 
edge  of  a  split  ter  plate  was  suspected  of  playing  a  pri-  simulations  require  the  resol u I  ion  of  all  relevant  lengl  h 
mary  role  in  triggering  the  inslahilil  ies  in  a  supei>onir  scales,  down  to  the  Kolniogoroi'  scale  for  a  noiireaci- 
flow.  The  results  are  preliminary,  and  require  further  i„g  How.  Thus,  only  flows  with  moderate  Reynolds 
research.  numher  can  he  simulated.  Furthermore,  in  chemically 

reacting  Hows,  the  Damkohler  numher  ami  the  acti¬ 
vation  energy  are  usually  \ery  large.  An  additional 
4  Conclusions  length  .scale,  the  thickness  of  the  reaction  zone,  which 

can  he  much  smaller  than  the  Kolmogorov  scale,  must 
Direct  numerical  simulations  of  lurhul<nl  leacliug  !><•  rescdveil,  Forluuale|y,iulhelimilofcheiiiica|equi- 
llows  have  hegun  to  atl raci  interest  among  comhusl ion  lihriiiin  and  for  a  restricted  class  of  transport  coelli- 
scieniisls.  fluid  mechanicisis  and  numericisis.  The  cients.  a  conserved  scalar  can  he  di  |im-d  for  which 
present  article  reviews  some  research  on  turhulent  re-  the  governing  equation  is  simple.  I'nder  this  sitnpli- 
acting  flows  using  direct  simulations.  emphasi7ing  the  fication.  the  reaction  zone  degenerates  to  a  discon- 
methodology.  the  kinds  of  results  ohtainalde.  and  the  tinuous  she*t.  Therefore,  if  the  discontinuity  can  hi- 
strengths  and  limitations  of  the  approach.  captured,  full  turhulence  simulations  using  the  con- 

There  are  two  implementations  of  direct  numeri-  served  scalar  approach  will  then  require  the  same  res¬ 
eat  .simulations:  full  turladence  simulatiotis  (FTS).  olul ion  as  t In- iioureacting  case.  T  his  direction  is  one 
in  which  all  of  the  dynamically  significant  space  and  I'toinising  for  future  research.  With  mod- 

time  scales  are  resolved;  and  large  eildy  simulatie^ns  erate  Reynolds  iiuml'er.  the  simulations  can  he  used 
(LES).  in  which  the  governing  ei|uations  are  filtered  as  a  research  tool  to  jirovide  important  itiformation 
at  the  numerical  grid  scale,  and  the  suhgrid-scale  mo-  intricate  interactions  between  fluid  dynamics 

t ions  modi'lerl.  Because  of  limitc^l  nunnMical  reso-  chemical  reactions.  The  nature  of  these  interac- 

lution  FT.S  is  restricted  to  moderate  Reynolds  and  >'iay.  in  many  cases,  he  ai>proximale|y  indepen- 

Damkohler  mimhers  (although  the  cottserved  scalar  'fi''  Reynolds  numher.  This  information  can 

approach  can  for  certain  cases  eliminate  the  latter  re-  then  he  utilized  to  construct  turhulence  models  for  the 
striction).  whereas  LES  can  he  applied,  at  least  in  computation  of  chemically  reacting  flows  with  higher 
coticept.  to  high  Reynolds  numher,  high  Damkdhier  Reynolds  numher,  and  suhgrid-scale  models  for  large 
flows.  Three  general  cla.s.ses  of  numerical  methods  eddy  simulations. 

have  been  used  ill  the  iiiqilemeul at iou  of  direct  sim-  There  are.  however,  phenomena  for  which  it  is  not 
ulations:  spectral  methods,  finite-difl'ereuce  methods,  clear  how  an  approach  using  a  discontinuous  reaction 
and  vortex  methods  (and  some  combinations  of  the  zone  can  he  formulated.  An  example  is  the  simulation 
three).  Each  numerical  method  has  its  own  advan-  of  local  flame  extinction  and  ignition.  Local  asym|.>- 
tages  and  disadvantages,  with  no  one  method  (he  oh-  totic  analysis  using  large  activation  energy  provides 
vious  choice  for  all  problems.  a  criterion  for  extinction.  Construction  of  a  global 

The  potential  advantages  of  direct  numerical  sim-  solution  using  this  local  information  in  a  numerical 
ulations.  when  the  method  can  he  ap|died.  are  the  simulation  may.  however,  he  difficult.  The  question  of 
following;  the  flow  can  he  examined  in  detail,  since  all  behavior  of  the  flame  tip.  which  interfaces  a  re- 
(piantities  are  known  at  each  point  in  space  and  time;  Ktc>n  in  chemical  e(|uilihrium  with  a  frozen  region,  and 
parameters  ran  lie  easily  varied  and  experimental  con-  ds  role  in  e.xtinction  and  ignition  will  require  further 
dilions  are  easily  controlled:  large-scale  structures  are  research. 

directly  aildressed;  and  results  are  less  sensitive  to  the  For  compulations  of  turhulent  reacting  flows  with 
models  used,  since  only,  at  most,  the  smaller  scales  parameter  ranges  encountered  in  most  practical  sys- 
a re  modeled.  The  main  disadvantage  is  the  limitation  terns,  large  eddy  simulations  are  required.  Thus, 
in  I  he  spat  iai  and  temporal  resolut  ion  av  ailable,  which  the  development  of  accurate  suhgrid-scale  models  is 
can  he  severe.  Typical  applications  at  the  present  are  a  most  urgent  task.  (See  Oran  and  Bori.s''’’  for 
similar  to  those  of  laboratory  e.vperiments.  i.  e..  under-  a  discussion  of  some  of  ;ii  Ilflicultic.s  in  tlevelup- 


inn  siihgi'iil-srale  inoilels  for  dieniicallv -reading  flows, 
aiul  soiiii'  crilt'i'ia  tlial  a  sul>grirl-scale  niodr-l  slionltl 
nii’et.)  Presf-iii  sul>nrid-srnle  models  for  nonrearting 
flows  rely  on  several  physical  liypollieses.  In  parlic- 
nlar  a  continnons  flu.x  of  energy  (or  scalar  variance) 
from  low  to  high  wave  numbers  is  assumed,  which  im¬ 
plies  at  most  a  weak  rlependence  of  the  larger  scales  of 
motion  on  the  smaller  scales.  Furthermore,  .some  sort 
of  universality  (e.  g..  a  Kolmogorov  sirectrum)  at  high 
wn\e  numbers  is  hypothesized.  The  validity  of  both  of 
these  hvpotheses  is  (irobably  also  reiiuio'd  for  the  suc¬ 
cessful  applicat  ion  of  LES  to  t  urbuleiil .  reacting  Hows, 
For  e.xample,  if  the  rlirect  effects  of  the  subgrid-scaln 
motions  on  the  computation  scides  (jf  motion  are  very 
strong,  then  it  is  imlikelv  that  accurate  sitbgrid-sralc 
tttodels  cat!  be  developed  aitrl  reliable  large  e<ldy  sini- 
itlaiiotis  perforttied.  If  the  effects  of  the  subgriil-scale 
tnotiotts  are  weak,  howerer.  theti  there  is  reason  to 
coticlttde  that  the  LES  tna.\  lie  successfully  empicwed. 

For  large  Datnkbhler  tnttnber  laactiotts  the  stnaller 
-••d''s  can  b-  very  etiergetic  due  to  (he  chetnistry  at 
the  tiarrow  flattie  sheet.  Hence  the  small  scale  behav¬ 
ior  would  be  e.xpected  to  be  very  different  from  that  of 
nonreacting  flows,  so  that  the  de\elopntetit  ofsnbgrid- 
scale  models  may  l)e  very  difficult.  One  approncli 
which  appears  to  be  providing  useful  information 
for  nonreactiiig  Hows  is  renormalization  group  theory 
(^’akhot  and  Orszag''"  )■  "hich  cati  be  formulated  to 
ilirectly  address  subgriil-scale  issues.  This  approach 
also  relies  on  the  assnmptions  of  energy  flux  and  uni¬ 
versality  mentioned  above,  howe\er,  ami  so  may  have 
to  be  .somewhat  mollified  to  treat  chemically-reacting 
turbulent  flows. 

For  direct  numerical  simulations  of  compressible, 
chemically  reacting  flows,  several  important  issues  re¬ 
quire  attention.  The  first  is  the  treatment  of  sound 
waves.  Unlike  vortical  disturbances  which  decay 
rapidly  away  from  the  source,  acoustic  waves  may 
propagate  great  distances  and,  upon  interacting  willi 
a  boundary,  be  reflected  and  refocused  into  the  turbu¬ 
lent  region.  A  simulation  of  a  subsonic  flow  using  a  fi¬ 
nite  domain  may  excite  certain  acoustic  eigenmodes  if 
the  boundary  of  the  computational  ilomain  is  a  surface 
which  reflects  sound  waves.  Therefore,  careful  formu¬ 
lation  of  (he  boundary  conditions  is  required  to  simu¬ 
late  the  true  physical  properties  of  the  computational 
boundary.  A  second  issue  involves  the  computation  of 
-^Itock  waves  in  a  snpersoiiic  flr>w.  In  order  to  capture 
shr)ck  waves  without  spurious  oscillations,  most  of  the 
numerical  schemes  must  contain  some  form  of  artifi- 
citil  dissipation.  To  resolve  (he  dis.si|ia(iun  .scale  in  a 


full  turbuli'tice  simulation,  instanttineous  high  gradi¬ 
ent  regions  must  be  properly  tt>ated.  .Although  most 
of  the  fniile  difference  schemes  with  high  gi.iilieiit  re¬ 
gions  will  be  stable,  the  relative  magnitudes  of  the  ar¬ 
tificial  dissi|)a(ion  terms  and  those  of  the  real  dissijia- 
tion  terms  must  be  monitoii  d  runt iiitiuiisly  to  ensure 
the  accuracv. 
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Figure  A.  Coaperlsoo  of  rertlclty  contour  plots  for  caaee  with  and  without  heat  release 


Figure  6.  Inatantaneoua  rMctlcm  ret*  (Arrhenius  teaperature-dependent  reaction  rate). 
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Abstract 

The  spectral-element  method,  a  numerical  scheme  that  combines  the  accuracy  of  spectral 
methods  with  the  versatility  of  finite  element  techniques,  has  been  employed  to  study  the 
mechanisms  of  mixing  and  chemical  reactions  in  a  diffusion  flame  stabilized  on  a  two-stream 
planar  mixing  layer.  The  results  of  simulations  of  the  harmonically  forced,  spatially 
developing  flow  are  statistically  analyzed  to  examine  the  compositional  structure  of  the  flame 
near  quenching.  The  results  indicate  that  as  the  flame  approaches  extinction,  the  mean  and 
the  rms  values  of  the  reactant  concentrations  decrease  while  those  of  the  product 
concentration  and  temperature  increase.  This  behavior  is  enhanced  by  increasing  the 
hydrodynam'cs  characteristic  time  (reducing  the  local  Damkohler  number)  and  is  consistent 
with  that  observed  experimentally. 

1.  Introduetion 

Many  recent  investigations  [1-3]  on  the  developments  of  theoretical  models  capable  of 
describing  the  behavior  of  nonequilibrium  turbulent  diffusion  flames,  point  to  the  necessity  of 
obtaining  experimental  data  for  the  purpose  of  validation  of  the  closure  assumptions 
employed  in  these  models.  The  results  of  some  recent  experiments  [4,5]  have  proven 
extremely  valuable  if  not  completely  adequate.  However,  since  detailed  experimental 
measurements  are  difficult  to  obtain,  it  would  be  useful  to  supplement  the  measurements  with 
some  results  obtained  by  the  method  of  direct  numerical  simulations.  This  method  refers  to 
solving  the  exact  governing  hydro-chemical  transport  equations  without  resorting  to 
turbulence  modeling  [6].  Time  evolutions  of  the  thermochemical  variables  are  computed  by 
using  highly  accurate  numerical  schemes.  Therefore,  detailed  flow  field  information  is 
available  within  the  computational  space-time  domain,  from  which  statistical  properties  and 
other  relevant  information  can  be  extracted.  There  are,  certainly,  restrictions  on  the 
resolvable  space  and  time  scales,  which  in  turn  restrict  the  range  of  physical  parameters  that 
can  be  accurately  simulated.  However,  depending  on  the  particular  physical  phenomenon  of 
interest,  certain  thermo-fluid  dynamic  similitude  exists  [6].  By  simulations  of  flows  in  a 
restricted  parameter  range  while  satisfying  the  required  similitude,  the  results  are  useful  for 
extracting  some  important  information  for  understanding  the  behavior  of  that  particular 
phenomenon.  This  approach  is  followed  in  this  paper  to  investigate  the  nonequilibrium 
phenomena  of  extinction  in  a  non-premixed  flame. 


Although  direct  simulations  of  chemically  reacting  mixing  layers  have  been  investigated 
previously,  the  numerical  model  of  a  temporally  developing,  spatially  periodic  layer  has 
usually  been  used  [7-10].  Although  the  simulations  yield  a  wealth  of  information  on  the 
behavior  of  a  reacting  mixing  layer,  there  is  always  some  uncertainty  of  what  might  have  been 
missed  by  such  an  approximation.  For  example,  it  has  been  established  that  in  spatially 
developing  mixing  layers,  the  mechanism  of  mixing  between  the  fluids  from  the  two  streams  is 
asymmetric  [11-13].  This  behavior  cannot  be  predicted  by  assuming  spatial  periodicity,  and  a 
spatial  evolution  model  should  be  employed  to  simulate  such  flows  more  realistically. 

In  this  paper,  we  shall  describe  the  development  of  a  spectral-element  code  capable  of 
accurately  computing  a  spatially  developing,  chemically  reacting  mixing  layer.  This  method 
enables  us  to  simulate  flows  at  higher  Reynolds  (Peclet)  numbers  than  those  of  previous 
approaches  using  conventional  second-order  finite  difference  schemes  [10,14].  The  resulting 
code  is  used  for  simulations  of  a  spatially  developing  shear  layer  under  the  influence  of  a 
nonequilibrium  chemical  reaction.  The  results  are  statistically  analyzed  to  obtain  valuable 
information  on  the  compositional  structure  of  the  reacting  flow. 

•A  three-dimensional  code  has  been  developed,  in  the  present  paper,  however,  only  the  results 
of  two-dimensional  simulations  arc  presented.  Detailed  three-dimensional  simulations  that 
include  the  effects  of  small-scale  turbulence  will  be  reported  in  the  future. 

2.  Formulation 

A  mixing  layer  in  which  two  parallel  streams  with  different  velocities  begin  to  mix  and  react 
downstream  of  the  trailing  edge  of  a  splitter  plate  partition  presents  an  ideal  configuration  for 
studying  the  physical  processes  in  the  reaction  zone  of  a  real  combustor.  A  schematic  diagram 
of  the  layer  considered  here  is  shown  in  Fig.  1.  The  reactant  Cb  (fuel)  enters  the 
computational  domain  on  the  upper,  high-speed  stream,  while  the  other  reactant  Cji  (oxidizer) 
enters  on  the  lower,  low-speed  side.  The  chemical  reaction  between  the  two  species  is 
assumed  to  be  single  step  and  to  obey  the  temperature  dependent  Arrhenius  law. 
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A+B-^P  (1) 

The  effect  of  chemical  heat  release  is  assumed  negligible,  which  together  with  the  further 
assumption  of  a  low  Mach  number  flow,  results  in  a  constant  density  formulation.  Under 
these  assumptions,  the  hydrodynamics  and  the  transport  of  the  chemical  species  and 
temperature  are  decoupled.  The  incompressible  Navier-Stokes  equations  together  with  the 
species  diffusion-reaction  equations  are  the  governing  equations  to  be  numerically  integrated. 

The  appropriate  reference  quantities  for  normalizing  the  transport  equations  are  the  velocity 
difference  between  two  streams  Af/,  the  free-stream  temperature  the  free  stream 
concentrations  C^oo  and  Cboo,  and  the  unperturbed  shear  layer  thickness  at  the  entrance  cr. 
With  these  reference  quantities,  the  relevant  parameters  are  the  Reynolds  number  Re,  the 
Damkohler  number  Da,  the  Zeldovich  number  Ze,  and  the  heat  release  parameter  Ce.  The 
values  of  the  Prandtl  and  Schmidt  numbers  are  assumed  to  be  unity,  and  the  magnitudes  of 
other  non-dimensional  parameters  used  in  the  simulations  will  be  given  below. 


spectral  Element  Method 


In  the  flow  configurations  shown  in  Fig.  1,  impermeable  free  slip  boundary  conditions  are 
employed  on  the  upper  and  lower  boundaries.  Therefore,  pseudospectral  methods  with 
Fourier  transforms  can  be  used  in  the  cross-stream  direction  Y  for  the  discretization  of  the 
governing  equations.  This  technique  was  used  in  previous  investigations  of  a  spatially 
periodic,  temporally  evolving  mixing  layer  [7-10], 
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In  the  stream-wise  direction,  the  flow  field  is  not  periodic,  and  basis  functions  other  than 
Fourier  series  must  be  used.  Presumably,  Chebyshev  polynomials  can  be  employed  for  a 
problem  with  non-periodic  boundary  conditions.  In  practice,  however,  the  distance  between 
the  neighboring  Chebyshev  collocation  points  near  the  boundaries  becomes  extremely  small  if 
high  order  polynomials  are  used  to  discretize  a  large  computational  domain.  Consequently, 
time  integration  becomes  very  stiff  because  of  numerical  stability  restrictions  [15].  A 
compromise  between  numerical  accuracy  and  efficiency  can  be  achieved  by  using  the 
spectral-element  method  [17].  This  p-type  finite  element  method  divides  the  stream-wise 


domain  into  Ne  number  of  elements.  Within  each  element,  the  thermo-fluid  variables  are 
represented  by  Chebyshev  polynomials.  The  governing  equations  are  approximately  satisfied 
by  the  discretized  system  at  the  collocation  points  within  each  element.  The  compromise 
between  the  accuracy  and  the  efficient  time  integration  can  be  achieved  by  adjusting  the 
number  of  finite  elements  and  the  order  of  the  Chebyshev  polynomials  in  each  element.  By 
increasing  the  number  of  elements  and  using  moderately  low  order  polynomials  within  each 
element,  the  stiffness  in  time  integration  can  be  avoided  while  high  accuracy  is  maintained. 

For  the  purpose  of  demonstrating  this  technique,  we  shall  consider  the  solution  of  the  species 
transport  equation  in  which  the  velocity  field  is  given: 

(2) 

where  Pe  is  the  Peclet  number  and  di  is  the  reaction  rate.  To  advance  the  dependent 
variable  C  in  time,  the  fractional  time  stepping  scheme  is  used.  The  solution  is  first  advanced 
to  an  intermediate  time  by  using  a  second  order  accurate  Adams-Bashforth  scheme  for  the 
nonlinear  term  in  Eq.  (2),  i.c., 

-  =  I (V( /TO -(!;)’*-  |(V-(i7C)-c;;)'-^  (3) 
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where  At  is  the  time  increment,  and  the  superscripts  it  and  *  refer  to  the  previous  and  the 
intermediate  time  steps,  respectively.  The  spatial  discretizations  in  the  above  equation  are 
performed  by  employing  spectral  methods  using  Fourier  transforms  in  Y  and  Chebyshev 
expansions  in  X. 

The  advancement  of  the  scalar  equations  from  computational  time  n  to  n+1  is  accomplished 
by  the  completion  of  the  viscous  (diffusion)  step.  In  this  step,  the  influences  of  both  spectral 
methods  and  finite  element  techniques  become  apparent.  Taking  the  Fourier  transform  of  the 
equation  in  the  cross-stream  direction,  we  have: 


dx^ 


Pe , 
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Where  K  is  the  Fourier  wave  number  in  the  Y-direction,  and  ~  denotes  the  variables  in  the 


Fourier  domain.  Now  we  can  use  the  variational  principle  [17]  to  solve  this  equation. 
According  to  this  principle,  solving  Eq.  (4)  is  equivalent  to  minimizing  the  functional 


+  C  ]dx 

At 


within  each  element. 

Using  the  Lagrangian  interpolant  (Chebyshev  expansion)  of  as  a  trial  function  in  Eq  (5) 
and  requiring  that  the  variation  of  /  with  respect  to  the  nodal  values  vanishes,  we  obtain  a  set 
of  elemental  equations  for  the  interior  nodes  within  each  element.  By  using  a  direct  stiffness 
method  [17]  we  can  construct  the  system  matrix  from  the  elemental  matrix  [16].  Solutions  of 
the  resulting  linear  algebraic  systems  give  the  unknown  variables  at  the  interior  and  the 
interface  collocation  points  for  all  wa\c  numbers  (K's)  in  the  other  direction  of  the  How.  The 
variable  at  the  new  time  level,  i.c.,  is  recovered  by  the  inverse  Fourier  transform  of  C. 


Boundary  Conditions 


The  inflow  and  outflow  boundary  conditions  are  required  to  complete  the  formulation  of  the 
present  problem.  Ideally,  a  random  velocity  field  with  a  spectrum  similar  to  what  was 
measured  experimentally  can  be  specified.  In  the  present  simulations,  however,  only  the 
dominant  two-dimensional  features  of  a  turbulent  shear  layer  are  examined.  It  is  known  that 
the  mixing  layer  is  most  responsive  to  disturbances  corresponding  to  the  most  unstable 
instability  wave  and  its  subharmonics.  Therefore,  these  disturbances  are  imposed  at  the 
inflow  boundary  for  capturing  the  dominant  two-dimensional  coherent  structures.  The  inflow 
velocity  profile  is  therefore  given  by  : 
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where  the  unperturbed  velocity  profile  is 


f/o(y)  =  [i/„+-^tanh(|)]n 


and  Ui{y)  are  the  eigenfunctions  of  the  most  unstable  mode  and  its  subharmonics  computed 
from  the  Orr-Sommerfield  equations  for  the  unperturbed  velocity  profile.  A„  are  the 
amplitudes  and  are  the  phase  shift  between  the  modes.  The  amplitudes  in  the  simulations 
are  chosen  so  that  the  rms  disturbance  is  approximately  12  percent  of  the  mean  flow  velocity. 


At  the  outflow  boundary,  a  weak  condition  of  zero  second  derivatives  is  applied  for  all 
variables.  From  Eq.  (4)  this  condition  can  be  written  as  : 


(  ^  ^  outflow 


Numerical  tests  were  performed  to  examine  the  extent  of  the  influence  of  this  approximation. 
It  was  found  that  the  effects  of  the  approximate  boundary  condition  are  confined  within  the 
last  finite  element.  This  is  consistent  with  that  found  by  Korszak  [18].  Therefore,  the  solution 
in  the  last  computational  element  was  discarded  in  our  simulations. 


3.  Results  of  Simulations 


Computations  were  performed  in  a  domain  with  the  size  34(t>x>0,  6.75 cr>y >—6.75 a. 
There  are  64  Fourier  modes  in  the  cross-stream  direction  and  52  finite  elements  are  used  for 


the  stream-wise  discretization.  A  fifth  order  Chebyshev  polynomial  is  used  to  approximate 
the  variables  within  each  clement.  This  discretization  is  equivalent  to,  at  least,  a  fifth  order 
accurate  finite  difference  technique  even  if  the  spectral  convergence  is  not  considered.  This 
results  in  a  total  number  of  211  points  in  the  stream-wise  direction.  With  this  211x64  grid 
resolution,  accurate  simulations  with  Re  =  Pe  =  100  and  Ze  =  20  are  possible.  The 


computation  time  increment  is  selected  to  be  At  =  0.04,  which  is  small  enough  to  accurately 
simulate  a  chemical  reaction  with  Ce  =  8.  Simulations  are  performed  with  two  different  values 
of  At/  while  other  parameters  are  kept  fixed  to  assess  the  influence  of  the  characteristic  flow 
frequency  on  the  compositional  structure  and  the  temperature  within  the  reaction  zone. 

The  magnitudes  of  the  phase  shifts  between  the  modes  <f>j  in  Eq.  (6)  are  randomly  selected 
from  a  random  seed  with  a  top  hat  probability  density  function.  This  technique  was  suggested 
by  Reynolds  [19]  for  nonreacting  flow  simulations.  This  selection  was  performed  in  such  a 
way  that  <(f>j>  =  0  and  the  fluctuating  phase  shift  with  <^'/>  =  5°,  where  <>  indicates  the 
mean  value  of  the  random  numbers  selected  from  the  seed.  The  implementation  of  these 
phase  shifts  is  the  only  mechanism  to  introduce  randomness  into  an  otherwise  deterministic 
simulation.  This  is  to  mimic  partially  the  random  perturbations  which  are  present  in 
laboratory  turbulent  flows,  in  a  two-dimensional  simulation.  In  the  three-dimensional 
simulation  of  a  mixing  layer  currently  being  undertaken,  the  random  phase  shift  will  be 
replaced  by  specifying  an  initial  random  turbulent  spectrum  [20]. 

For  tlic  purpose  of  How  visualization,  a  time  sequence  of  contour  plots  for  a  conserved 
Slnab-Zcldovich  scalar  variable  is  presented  in  Fig.  2.  The  variable  Z  is  defined  as 
Z  =  {Cb  —  Ca  —  Cboo)/{Cboo-^Cj^oo)  and  has  normalized  values  equal  to  unity  and  zero  in  the 
fuel  and  oxidizer  streams,  respectively.  This  figure  shows  how  the  small  perturbations  at  the 
inflow  are  amplified  to  form  large  scale  structures  dow.isiicam.  Tiii,  perturbations  associated 
with  the  most  unstable  mode  alone  would  cause  the  initial  roll-up  of  the  vortices,  which  are 
created  at  equal  wavelengths  from  each  other.  Adding  the  perturbations  corresponding  to  the 
first  subharmonic  mode  results  in  a  second  roll-up  in  the  form  of  the  merging  of  neighboring 
vortices.  Finally,  the  presence  of  the  perturbations  corresponding  to  the  second  subharmonic, 
generates  a  third  roll-up  (second  merging)  at  a  region  near  the  outflow.  It  is  observed  in  this 
figure  that  as  the  vortices  reach  the  outflow,  the  zero  second  derivatives  condition  seems  to 
allow  them  to  travel  out  of  the  computational  domain.  As  mentioned  in  the  previous  section, 
the  errors  associated  with  this  boundary  condition  tend  to  be  confined  within  the  last 
computational  element.  Within  this  domain,  the  computed  spreading  rate  of  the  mixing  layer 
dS 

——  is  approximately  0.105,  which  is  slightly  higher  than  the  measured  value  of  0.07  [21]  for  a 

OX 

planar  layer  with  the  same  frcc-stream  velocity  ratio. 


The  vortex  roll-up  of  the  unsteady  shear  layer  brings  unreacted  species  from  the  two  streams 
into  the  chemical  reaction  zone.  This  region  is  marked  by  a  very  steep  gradient  of  the  Shvab- 
Zeldovich  variable  across  the  braids  of  the  vortices,  while  in  the  core  of  the  vortex  the 
magnitude  of  the  gradient  is  small.  The  stretching  of  the  reaction  zone  by  the  vortex  roll-up  is 
further  enhanced  by  each  subsequent  roll-up,  and  the  diffusion  across  the  high  strain  braids  is 
further  increased. 

If  an  infinitely  fast  chemistry  was  assumed  to  describe  the  chemical  reaction,  the  enhancement 
of  the  mixing  by  the  vortex  roll-up  would  directly  result  in  the  augmentation  of  the  chemical 
reactions  and  the  increase  of  product  formation.  For  the  finite  rate,  nonequilibrium  chemistry 
employed  in  the  present  calculations,  however,  this  may  not  be  the  case,  as  the  increased 
mixing  rate  might  have  a  reverse  effect  on  the  product  formation  rate.  To  examine  this  effect, 
the  time  sequence  of  the  product  concentration  and  that  of  the  instantaneous  reaction  rate  are 
presented  in  Figs.  3  and  4,  respectively.  Figure  3  indicates  that  the  amount  of  products  along 
the  Z  =  Z,,  iso-surface  attains  a  maximum  value  at  the  core  of  the  vortex  and  reaches  a 
minimum  at  the  braids.  Figure  4  shows  that  the  reaction  rate  is  fairly  uniform  along  the 
mixing  layer  near  the  inlet  where  the  reactants  arc  first  brought  into  contact.  Further 
downstream  from  the  inllow,  as  the  magnitude  of  the  instantaneous  dissipation  increases  due 
to  vortex  roll-ups  and  pairings,  the  reaction  rate  approaches  zero  at  the  braids  of  the  vortices, 
and  the  flame  locally  quenches  at  those  locations.  This  mechanism  of  flame  extinction  is 
consistent  with  the  previous  temporal  simulations  of  Givi  et  al.  [9]  and  also  with  the 
experimental  observations  reviewed  by  Tsuji  [22].  As  explained  by  Peters  [1],  at  the  regions 
of  high  strain  the  supply  of  the  reactants  is  greater  than  what  can  be  digested  by  the  chemical 
reaction.  Therefore,  the  local  temperature  decreases  below  a  critical  value  and  the  flame 
becomes  very  rich  with  both  reactants.  As  a  result,  the  flame  cannot  be  sustained. 

Statistical  Analysis 

To  examine  the  compositional  structure  of  the  flame  near  extinction,  the  instantaneous  values 
of  the  species  concentration  and  temperature  at  a  downstream  location  were  statistically 
analyzed.  This  analysis  was  performed  by  recording  the  instantaneous  values  at  every  time 
step  within  the  period  144  <t  <288.  At  /  =  144,  the  elapsed  time  is  long  enough  for  the  flow 
to  sweep  through  the  computational  domain  once.  Therefore,  the  effects  of  the  initial 


transients  are  eliminated.  During  the  recording  period,  an  ensemble  of  3600  instantaneous 
values  was  recorded  at  selected  grid  points  for  analysis.  As  was  mentioned  previously,  the 
chemistry  parameters  and  the  velocity  ratio  were  kept  constant,  while  the  velocity  difference 
across  the  layer  was  changed  in  the  simulations  to  assess  the  influence  of  the  mixing  intensity 
on  the  structure  of  the  flame.  In  the  discussions  below.  Case  I  corresponds  to  AC  =  0.5,  and 
Case  II  corresponds  to  AC  =  1.  This  is,  effectively,  equivalent  to  changing  the  magnitude  of 
the  local  Damkohlcr  number  as  discussed  previously  by  Givi  et  al.  [23]  and  Dibble  and  Marge 
[24]. 

For  both  Case  I  and  Case  II,  the  mean  profiles  of  the  fuel  (species  B)  and  of  the  products 
(species  P)  at  the  stream-wise  location  .x  =  \la  are  presented  in  Figs.  5  and  6,  respectively.  It 
is  shown  on  these  figures  that  as  the  mixing  rate  is  increased,  the  mean  value  of  the  fuel 
concentrations  increases.  This  suggests  that  as  the  flame  approaches  extinction,  the 
concentration  of  the  reactants  in  the  reaction  zone  increase  and,  as  a  result  of  local  flame 
quenching,  the  rate  of  product  formation  decreases.  The  same  behavior  was  also  observed  in 
the  mean  temperature  profiles  (not  shown  here),  which  indicates  that  the  mixture  tends  to  be 
hotter  at  lower  mixing  rates. 

The  infiucnce  of  mixing  on  the  second  order  moments  of  the  scalar  quantities  is  presented  in 
Figs.  7,  8,  and  9,  which  show  the  profiles  of  <C' b^>  and  <C' p>,  respectively. 

Figures  7  and  8  indicate  that  as  the  flame  approaches  extinction,  the  magnitude  of  the 
fluctuations  of  the  concentration  of  reactants  decreases.  On  the  other  hand.  Fig.  9  shows  that 
the  rms  fluctuation  of  the  product  concentration  is  higher  for  Case  I.  Again,  similar  behavior 
was  observed  for  the  temperature  fluctuations  (not  shown  here).  As  the  mixing  rate  increases 
and  the  flame  is  quenched,  the  magnitude  of  the  temperature  fluctuations  decreases. 

The  results  of  our  numerical  simulations  are  in  favorable  agreement  with  the  recent 
experiments  of  Masri  ct  al.  [5].  Their  spontaneous  Raman/Rayleigh  measurements  of  species 
concentration  and  temperature  in  a  non-premixed  methane  flame  indicate  that  as  the  flame 
approaches  extinction,  the  mean  values  of  the  concentrations  of  the  reactants  CH^  and  O2 
increase,  while  those  of  the  products  decrease.  This  is  consistent  with  our  calculations,  as 
displayed  in  Figs.  5  and  6.  The  experimental  measurements  also  indicate  that  the  rms 
fluctuations  of  the  product  concentration,  temperature,  and  <92  decrease,  whereas  those  of  the 
CH ^  concentration  slightly  increase  with  the  increase  in  the  intensity  of  mixing.  While  the 
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results  of  our  numerical  simulations  indicate  the  same  behavior  for  the  product  species  (Fig.  9) 
and  the  mi.xture  temperature,  they  show  an  increase  of  the  fluctuations  of  both  of  the  reactants 
A  and  B  (Figs.  7  and  8).  This  discrepancy  between  the  results  of  our  simulations  with  the 
experimental  data  may  be  due  to  the  use  of  a  one-step  kinetic  model  for  the  chemistry  in  our 
simulations.  It  is  well  known  that,  although  such  approximations  may  be  valid  for  simulating 
hydrogen  flames,  they  are  inadequate  in  predicting  the  compositional  structure  of 
hydrocarbon  flames  near  extinction  [25].  Experimental  measurements  [26,27]  and  recent 
numerical  investigations  [28,29]  of  the  transport  equations  for  the  structures  of  methane 
diffusion  flames  with  detailed  chemical  kinetics  in  parallel  flows  show  that  increasing  the 
magnitude  of  the  local  strain  rate  results  in  an  increase  in  the  leakage  of  the  O2  through  the 
reaction  zone  but  no  C//4  leakage  [25].  This  behavior  is  contrary  to  the  activation  energy 
asymptotics  with  one-step  chemistry,  and  multi-step  kinetic  mechanisms  have  to  be 
incorporated  to  yield  the  correct  behavior  [25].  However,  the  flame  structure  predicted  by 
our  direct  numerical  simulations  shows  the  same  qualitative  behavior  as  those  observed  in  the 
laboratory  for  both  hydrogen  [30]  and  methane  [29]  flames.  Future  calculations  with  recently 
developed  multi-step  chemical  kinetics  chemistry  models  [31,32,33,2]  arc  required  for  better 
comparison  to  nonequilibrium  methane  flame  data. 

4.  Conclusions 

A  spectral-element  numerical  algorithm  has  been  developed  for  the  numerical  calculation  of  a 
harmonically  forced  reacting  mixing  layer.  This  method  combines  the  advantage  of  the 
versatility  offered  by  finite  element  techniques  with  the  accuracy  of  the  spectral  methods  in  a 
more  flexible  manner  than  that  can  be  found  in  either  technique  alone.  This  approach  allows 
the  application  of  non-periodic  boundary  conditions  and,  therefore,  is  applicable  to  the 
simulation  of  spatially  evolving  flows. 

The  results  of  our  numerical  simulations  indicate  that  as  the  magnitude  of  the  instantaneous 
dissipation  rate  is  increased,  the  diffusion  flame  cannot  keep  pace  with  the  large  diffusive  llux 
of  the  reactants  into  the  reaction  zone.  As  a  result,  the  magnitude  of  the  temperature  drops 
and  the  reaction  rate  locally  reduces  to  zero.  The  compositional  structure  of  the  flame  was 
studied  by  examining  the  statistical  behavior  of  the  species  coneentrations  and  the 
temperature  near  extinction.  It  is  shown  that  by  increasing  the  intensity  of  mixing  (decreasing 
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the  local  Damkohler  number),  the  effects  of  finite  rate  kinetics  are  more  pronounced.  The 
results  of  the  statistical  analysis  indicate  that  as  the  flame  approaches  extinction,  the  mean  and 
the  rms  values  of  the  reactants  concentrations  increase  whereas  those  of  the  product  species 
and  temperature  decrease.  This  is  consistent  with  the  recent  measurements  of  Masri  et  al.  [5] 
for  a  nonequilibrium  methane  flame  near  extinction. 
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Figure  Captions; 


Figure  1:  Geometrical  configuration  showing  the  spectral  elements  and  the  collocation  points. 


Figure  2:  Time  sequence  of  Shvab-Zeldovich  variable  contours.  Contour  minimum  is  0, 
contour  maximum  is  1.0,  contour  interval  is  0.05.  (a)  t=176  (b)  t=208  (c)  t=240. 


Figure  3:  Time  sequence  of  product  concentration  contours,  contour  minimum  is  0,  contour 
maximum  is  0.8,  contour  interval  is  0.05.  (a)  t=176  (b)  t=208  (c)  t=240. 


Figure  4:  Time  sequence  of  instantaneous  reaction  rates  contours.  Contour  minimum  is  0, 
contour  maximum  is  0.039,  contour  interval  is  0.001.  (a)  t=176  (b)  t=208  (c)  t=240. 


Figure  5:  Mean  concentration  values  of  species  B  at  every  other  grid  point  in  Y. 


Figure  6;  Mean  product  concentration  values  at  every  other  grid  point  in  Y. 


Figure  7:  Mean  fluctuations  of  species  A  at  every  other  grid  point  in  Y. 


Figure  8:  Mean  fluctuations  of  species  B  at  every  other  grid  point  in  Y. 


Figure  9:  Mean  fluctuations  of  product  species  at  every  other  grid  point  in  Y, 
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Non-Premixed  Reaction  in  Homogeneous  Turbulence: 
Direct  Numerical  Simulations 
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INTRODUCTION 


In  accordance  with  Toor's  original  paper  (1962),  consider  an  irreversible, 
one-step  isotheroal  reaction  of  the  type  A  +  B  +  Products  in  a  non-premlxed 
homogeneous  turbulent  flow.  Let  A(x,t)  and  B(x,t)  define  the  instantaneous 
concentration  of  the  two  species  and  decompose  each  concentration  into  an 
ensemble  mean  value  (denoted  by  <  >)  and  its  fluctuation  from  the  mean 
value  (represented  by  small  letters): 

A  ■  <  A>  +  a 

B  -  <  B>  +  b  (1) 

Under  the  assumptions  given  above,  the  transport  equations  governing  the 
evolution  of  the  mean  concentrations  are 


(2) 

L(  <  B>)  •  -  W 

(3) 

W  ■  K  [<  Ax  B>  +  <  ab>] 

(4) 

where  W  is  the  mean  reaction  rate,  K  is  the  kinetic  speed  of  the  reaction, 
and  L  is  the  convection-diffusion  operator,  which  is  the  same  for  the  two 
reactants  if  their  diffusion  coefficients  are  identical.  The  second  term  on 
the  right-hand  side  of  Equation  (4)  is  unclosed  and  needs  to  be  modeled.  This 
tern  can  be  written,  in  normalized  form  (Toor,  1975;  Kosaly,  1987), 


2  <  ®^^t 

o 


where  the  subscripts  t  and  o  refer  to  the  time  and  the  initial  time  (l.e.,  the 
inlet  of  a  plug  flow  reactor),  respectively.  Turbulent  mixing  is  characterized 
by  the  root-mean-square  of  one  of  the  reactants  in  the  absence  of  reaction: 


o  <  a  >_ 

ihti  -  — 

<  a^> 
m  o 


(6) 
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where  m  refers  to  "pure  mixing”  only.  It  is  obvious  that,  in  the  limit  of  zero 
rate  chemistry,  d^(t)  and  f^(t)  are  identical  (Toor,  1975),  i.e., 

d^(t)  -  Urn  At)  (7) 

K-^0 

In  the  limit  of  infinitely  fast  chemistry  under  stoichiometric  conditions,  and 

* 

assuming  a  Gaussian  shape  for  the  probability  density  function  (PDF)  of  the 
mixture  fraction  J(x,t)  [defined  by  J(x,t)  ■  A(x,t)  -  B(x,t)],  Toor  showed  that 

d^(t)  -  lim  T^(t)  (8) 

K-h» 

Based  on  Equations  (7)  and  (8),  Toor  assumed  that 

y^(t)  “  d^(t)  for  any  K  (9) 

Equation  (9)  summarizes  Toor's  hypothesis. 

In  the  recent  paper  of  Kosaly  (1987),  it  is  shown  that  the  application  of 

Toor's  hypothesis  is  not  valid  for  the  predictions  of  plug  flow  reactors  in 

which  the  Initial  shape  of  the  PDF  of  the  variable  J(x,t)  is  not  Gaussian  but 

rather  of  bimodal  shape  determined  by  initial  conditions.  Kosaly  showed  that, 

2  2 

while  d  (t)  and  ?  (t)  are  identical  for  zero  rate  chemistry  [i.e..  Equation  (7)] 
and  at  t  “  0  for  all  K,  Equation  (8)  should  be  replaced  by 

11m  f^(t)  -  -  d^(t)  (10) 

at  later  times.  The  factor  2/ir  was  a  result  of  algebraic  manipulation  assuming 
the  PDF  of  J  becomes  Gaussian  (see  Kosaly,  1987,  for  details). 

In  this  note,  we  first  provide  a  generalization  of  Kosaly 's  result  and,  by 
use  of  direct  numerical  simulation  (DNS),  further  investigate  the  validity  of 
Toor's  hypothesis  and  the  revisions  proposed  by  Kosaly.  In  this  application 
DNS  refers  to  the  numerical  solution  of  the  aerothermodynamlc  transport 
equations  of  turbulent  reacting  flows  for  the  detailed  time  development  of  the 
flow  field.  This  technique  uses  no  closure  modeling,  and  no  assumptions  are 


* 


This  assumption  can  be  relaxed  for  symmetric  PDF's  (O'Brien,  1971). 
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made  pertaining  to  the  turbulent  behavior  of  the  fluid.  DNS  has  proven  very 
useful  in  computational  studies  of  turbulence  (see  Rogallo  and  Moln,  1984, 
for  a  review)  and  is  used  here  as  a  means  of  performing  experiments  on  the 
computer.  This  approach  offers  advantages  over  laboratory  experiments  in  that 
the  instantaneous  values  of  the  hydrochemical  variables  are  known  at  all 
locations  at  each  time  step,  allowing  better  statistical  analysis  of  the 
data.  Computer  limitations  restrict,  of  course,  the  ranges  of  time  and  space 
scales  that  can  be  accurately  resolved. 


GENERALIZATION  OF  T00R*S  HYPOTHESIS 


Kosaly's  results  can  be  generalized  by  defining  the  normalized  variable 

A  A 

and  the  standard  PDF  P(4i,t)  as  (Pope,  1982) 


P((J>,t)  =  P((^,t)  o(t) 


where  P(!ji,t)  is  the  PDF  of  J,  and  o  is  the  standard  deviation.  Assuming  that 
the  PDF  approaches  an  asymptotic  time-independent  form  (whether  Gaussian  or 
not) ,  we  have 


P(^,t)  s  P(^) 


A 

T,/  .  =  Pi  <t'/a(t)] 

?ctr^ 


With  an  asymptotic  shape  of  P((>),  Kosaly's  results  generalize  to 


f^t)  -  C  d^(t) 


where 


C  -  4 


00 

A  A  A 

J  ♦  P(  ♦) 


For  a  PDF  that  asymptotically  assumes  a  Gaussian  form. 


P(<t)  “ exp  (-4*^/2) 
^/Z-n 
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the  value  of  C  would  be  the  same  as  that  given  by  Kosaly  (1987),  i.e.,  C  ■  2/ir. 
The  exact  asymptotic  shape  of  the  PDF,  therefore,  determines  the  constant  of 
proportionality  in  Equation  (15).  The  magnitude  of  this  constant,  which  is 
valid  only  in  the  final  stages  of  mixing,  cannot  be  predicted  mathematically 
and  can  only  be  estimated  experimentally  or  numerically. 

SIMULATION  RESULTS 

A  pseudospectral  numerical  method  developed  by  McMurtry  (1987)  was  modified 
for  the  calculations  of  the  homogeneous  turbulent  flow  considered  here.  This 
method  is  very  similar  to  that  employed  previously  by  Riley  et  al.  (1986), 
McMurtry  et  al.  (1986,  1987),  Givi  et  al.  (1987)  and  Givi  and  Jou  (1987)  and, 
therefore,  will  not  be  explained  here.  ■  The  scalar  fields  are  defined  to  be 
square  waves  with  the  two  reactants  out  of  phase  and  at  stoichiometric  condi¬ 
tions.  This  is  similar  to  that  used  previously  by  Leonard  and  Hill  (1986, 
1987).  The  flow  field  is  initialized  by  specifying  the  turbulence  spectrum 
(similar  to  that  used  by  McMurtry,  1987),  and  a  forcing  mechanism  is  employed 
to  keep  the  turbulence  stationary  by  adding  energy  artificially  to  the  large 
scale  motions  (low  wave  numbers  in  Fourier  space).  This  forcing  was  applied 
in  such  a  way  to  conpensate  for  small  scale  dissipation  without  affecting  the 
small  scale  statistics  of  Interest  (McMurtry  and  Givi,  1987).  Periodic 
boundary  conditions  are  employed  in  all  three  directions,  and  the  aerothermo- 
dynamical  variables  are  spectrally  approximated  on  64X64X64  collocation  points 
within  the  computational  domain.  The  values  of  the  Reynolds  and  Peclet  numbers 
are  kept  within  moderate  levels  to  ensure  the  accuracy  of  the  simulations  on 
the  grids  used.  Calculations  were  performed  with  zero  rate  and  infinitely 

fast  chemical  reactions  to  assess  the  Influence  of  the  chemistry  on  the  decay 

2 

rate  of  the  unmlxedness  parameter  (y  ).  In  the  zero  rate  chemistry 
simulations,  the  value  of  K  was  set  to  zero  in  Equation  (4),  whereas,  in  the 
infinitely  fast  rate  chemistry  calculations,  the  statistical  variations  of  the 
two  reactants  A  and  B  were  related  to  that  of  the  conserved  scalar  variable  J 
(Bllger,  1980;  Kosaly  and  Givi,  1987). 

For  the  purpose  of  flow  visualization,  two-dimensional  contour  plots  of 
species  A  are  presented  in  Figure  1.  Farts  (a)  and  (b)  of  this  figure 
correspond  to  zero  rate  and  infinitely  fast  chemical  reactions,  respectively. 
Time  is  normalized  by  the  large-scale  turbulence  frequency,  and  the 
nondimensional  time  of  t  ~  1.2  corresponds  to  the  case  when  the  average 
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concentration  of  species  A  under  reacting  conditions  has  reduced  to  30%  of  its 
Initial  value.  This  figure  exhibits  the  effects  of  three-dimensional 
turbulent  motion  on  the  distortion  of  the  scalar  field  and  the  mixing  of  the 
two  initially  segregated  reactants  (the  contours  form  parallel  lines  at  t  “  0). 
The  effects  of  chemical  reactions  are  to  increase  the  steepness  of  the  scalar 
gradients  and,  obviously,  to  reduce  the  instantaneous  values  of  the  reactants 
as  indicated  by  a  comparison  between  parts  (a)  and  (b)  of  Figure  1.  The  influ¬ 
ence  of  the  chemical  reactions  on  the  decay  rate  of  the  unmixedness  is  shown  in 
Figure  2.  In  this  figure,  the  ratio  f  (t)/d  (t)  is  presented  versus  time  for 
zero  rate  and  infinitely  fast  chemical  reactions.  For  zero  rate  chemistry,  the 
ratio,  obviously,  remains  at  unity.  For  the  reacting  case,  at  the  initial  time 
(t  “  0),  the  influence  of  chemistry  is  nil.  At  later  times,  however,  the  value 
of  the  unmixedness  for  the  fast  chemistry  is  lower  than  that  under  zero  rate 
chemistry.  The  results  shown  in  this  figure  indicate  that,  for  initially  non- 
premixed  reactants,  the  decay  rate  of  the  unmixedness  is  not  independent  of  the 
chemical  reactions  and  depends  on  the  magnitude  of  the  local  Damkohler  number. 

The  theoretical  discussion  given  in  the  previous  section  on  the  lack  of 
agreement  with  Toor's  hypothesis  is  verified  by  examining  the  temporal  evolu¬ 
tion  of  the  PDF  or  J  (i.e.,  P(<ti,t),  -1  £  ())  £  1)  in  Figure  3.  It  is  clearly  seen 
that  the  evolution  of  the  PDF  from  its  initial  bimodal  shape  (composed  of  two 
delta  functions  at  =  +1  to  its  asymptotic  shape  (composed  of  a  single  delta 
function  at  “  0)  cannot  be  characterized  by  its  first  two  moments  (i.e.,  0 
and  a).  Therefore,  Equation  (9)  is  not  valid  for  intermediate  times,  and  the 
application  of  Toor's  hypothesis  is  not  appropriate  for  the  prediction  of  the 

conversion  rate  in  plug  flow-type  reactors  with  initially  segregated  reactants. 

2  2 

Figure  2  further  indicates  the  interesting  result  that  the  ratio  of  y  /d 
for  the  infinitely  fast  chemistry  approaches  the  value  of  0.64  (s  2/ii).  This 

A  A 

value  corresponds  to  the  case  if  P((>)  asymptotically  adopts  a  Gaussian  Profile 
(Kosaly,  1987).  To  ascertain  the  asymptotic  shape  of  the  PDF,  the  temporal 
variation  of  the  kurtosls  ( “  normalized  fourth  moment)  of  species  A  is  pre¬ 
sented  in  Figure  4.  It  is  seen  that,  under  no  chemical  reaction,  the  value  of 
this  variable  approaches  ■  2.9.  The  asymptotic  values  of  the  normalized 
sixth  (superskewness)  and  eight  moments  are  \i^  ■  13.9  and  pg  “  98,  and  all  the 
odd  moments  remain  close  to  zero  (not  shown  here).  A  comparison  of  these 
values  with  those  of  a  Gaussian  profile  (i.e.,  "I,  -  15,  and  Ug  ■  105) 
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indicates  that  the  approximation  of  a  Gaussian  PDF  for  the  ^inal  stages  of  mix¬ 
ing  of  a  nonreacting  scalar  is  justified.  Better  agreements  aid  require  a 

3 

larger  sample  size  than  the  presently  used  64  data  points  for  more  accurate 
statistical  analysis.  For  the  reacting  case,  however,  the  values  of  the 
normalized  fourth  and  higher  order  moments  are  larger  than  those  of  an  inert 
scalar.  This  is  shown  in  Figure  4  for  the  Kurtosis  of  one  of  the  reactants 
and  is  consistent  with  our  previous  calculations  (Kosaly  and  Givi,  1987). 
Therefore,  a  Gaussian  PDF  assumption  Is  not  justified  In  this  case. 

Finally,  It  must  be  mentioned  that  the  results  of  our  present  calculations 

are  not  In  agreement  with  those  previously  obtained  by  Leonard  and  Hill  (1986). 

2  2 

In  their  calculations,  the  ratio  of  f  /d  initially  decreases  from  unity  with 
time  but  asymptotically  returns  to  unity  for  longer  times.  This  lack  of  agree¬ 
ment  with  Leonard  and  Hill's  calculations  may  be  attributed  to  the  fact  that, 
in  their  finite  rate  chemistry  simulations,  the  magnitude  of  the  Damkohler 
number  is  not  large  enough  to  justify  the  Infinitely  fast  chemistry  assumption 
adopted  here. 

The  results  of  this  work  and  those  of  Kosaly  (1987)  indicate  the  need  for 

detailed  measurements  in  plug  flow  reactors  for  comparison  with  numerical 

2  2 

simulations.  The  present  simulations  indicate  that  Toor’s  hypothesis  ( f  ■  d  ) 
should  be  modified  by  Equation  (15)  for  infinite  rate  chemistry  at  the  temporal 
asymptote.  For  finite  rate  chemistry  and  intermediate  times,  however,  the 
application  of  the  hypothesis  is  not  valid  and  full  simulations  are  required. 
The  numerical  experiments  reported  here  indicate  that  the  asymptotic  shape  of 
the  PDF  of  a  conserved  scalar  characterizing  mixing  is  approximately  Gaussian. 
This  suggests  a  value  of  C  “  2/it  in  Equation  (15). 


5619R 
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NOTATION 


Instantaneous  concentration  of  reacting  species 
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Figure  1: 


Figure  2: 


FIGURE  CAPTIONS 

Plots  of  species  A  concentration  contours  at  t  “  1.2. 

(a)  nonreacting  case,  contour  minimum  is  0.06,  contour  maximum  is 
0.72,  contour  Interval  is  0.06.  Labels  are  scaled  by  1000. 

(b)  reacting  case,  contour  minimum  is  0,  contour  maximum  is  0.66, 
contour  interval  is  0.06. 

Temporal  variation  of 


f 

I 

KM 


Figure  3: 
Figure  4: 


Temporal  variation  of  P($). 
Temporal  variation  of  44. 
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ABSTRACT 


Direct  nunerical  sirauiations  have  been  perfonaed  to  study  the  mechanisms 
of  mixing  and  chemical  reaction  in  a  three-dimensional,  homogeneous  turbulent 
flow  under  the  influence  of  the  reaction  of  the  type  A  +  B  +  Products.  The 
results  are  used  to  examine  the  applicability  of  Toor's  hypothesis  [1]  and  also 
to  determine  the  range  of  validity  of  various  coalescence/dispersion  (C/D)  tur¬ 
bulence  models  that  have  been  used  previously  to  model  the  effects  of  turbulent 
mixing  in  such  flows  [2].  The  results  of  numerical  experiments  indicate  that 
the  probability  density  function  (PDF)  of  a  conserved  Shvab-Zeldovich  scalar 
quantity,  characterizing  the  mixing  process,  evolves  from  an  initial  double¬ 
delta  distribution  to  an  asymptotic  shape  that  can  be  approximated  by  a 
Gaussian  distribution.  During  this  evolution,  the  PDF  cannot  be  characterized 
by  its  first  two  moments;  therefore,  the  application  of  Toor's  hypothesis  is 
not  appropriate  for  the  prediction  of  such  flows.  The  results  further  indicate 
that  the  initial  stages  of  nixing  are  well  represented  by  the  Dopazo-O'Brien 
C/D  model,  whereas,  at  intermediate  times,  the  experimental  results  fall 
between  those  obtained  by  the  two  closures  of  Dopazo  and  O'Brien  [3]  and 
Janlcka  et  al.  [4],  and  deviate  the  most  from  those  of  Curl  [5].  Therefore,  a 
C/D  model  between  the  two  closures  of  Dopazo-O'Brien  and  Janicka  et  al.  is 
expected  to  result  in  favorable  comparison  with  our  data.  The  final  stages  of 
mixing  are  not  \/ell  predicted  by  any  of  the  C/D  closures  in  that  none  of  the 
models  is  capable  of  predicting  a  Gaussian  asymptotic  PDF  for  the 
Shvab-Zeldovich  scalar  variable.  The  results  of  our  numerical  experiments  may 
be  used  to  generate  a  C/D  model  (or  models)  that  can  predict  all  the  stages  of 
mixing  accurately. 
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1.  INTRODUCTION 

In  a  recent  paper,  Kosaly  and  Givi  [2]  studied  the  mechanisms  of  raixing  and 
reaction  in  a  non-prenixed ,  homogeneous  turbulent  flow  under  the  influence  of 
an  isothermal  chemical  reaction  of  the  type  A  +  B  ->•  Products.  In  their 
calculations,  single-point  probability  density  function  (PDF)  methods  were 
employed  for  the  transport  of  scalar  quantities,  and  various  coalescence/ 
dispersion  (C/D)  mixing  models  were  used  for  the  closure  of  the  molecular 
mixing  term  in  the  PDF  evolution  equation.  Calculations  were  performed  with 
zero-rate,  as  well  as  infinitely  fast  chemical  reactions,  and  the  results 
indicated  sensitivity  to  the  choice  of  the  C/D  model  employed.  In  that  work, 
a  set  of  new  observations  was  presented  that  helped  to  clarify  the  relationship 
between  the  different  types  of  C/D  models.  Also,  new  insight  was  gained 
regarding  the  nature  of  C/D  modeling  by  comparing  the  results  of  such  models 
to  those  obtained  by  applying  Toor's  hypothesis  [1,6,7].  Despite  encouraging 
results,  it  was  concluded  that,  since  C/D  modeling  is  fundamentally  phenomeno¬ 
logical  in  nature,  comparison  to  experimental  data  is  the  only  way  to  determine 
its  applicability  and  range  of  validity. 

In  the  present  work,  we  intend  to  provide  such  experimental  data  for  the 
purpose  given  above.  The  data  provided  here,  however,  are  not  obtained  from 
conventional  laboratory  measurements  but  rather  using  the  method  of  direct 
numerical  simulations  (DNS).  DUS  refers  to  the  numerical  solution  of  the  exact 
aerothernodynaraical  equations  (nonaveraged)  of  the  unsteady,  turbulent  reacting 
flow  field.  No  turbulence  modeling  is  used  so  that  no  assumptions  are  made 
concerning  the  turbulent  behavior  of  the  fluid.  Computational  requirements  of 
DUS  are  very  severe,  however,  and  restrict  the  range  of  time  and  space  scales 
that  can  be  resolved.  Full  simulations  require  on  the  order  of  hours  of  CPU 
time  on  the  fastest  available  computers  and  are  limited  to  relatively  simple 
systems,  as  studied  here.  Despite  these  limitations,  this  approach  has  proven 
very  useful  in  computational  studies  of  turbulence  (see  Rogallo  and  Moin  [8] 
for  a  review)  and  turbulent  reacting  flows  (Riley  et  al.  [9];  McMurtry  et  al. 
[10];  Givi  et  al.  [11];  Givi  and  Jou  [12]).  In  conjunction  with  laboratory 
measurements,  DUS  offers  a  useful  alternative  of  probing  data  when  experimental 
techniques  may  fail. 

Here,  direct  numerical  simulations  are  employed  to  study  the  process  of 
nixing  and  the  influence  of  chemical  reaction  in  a  non-premlxed,  homogeneous, 
constant-density  flow  under  the  influence  of  a  single-step,  irreversible. 
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Isotheraal  reaction  of  the  type  A  +  B  •»  Products.  This  type  of  reacting 
system  has  been  extensively  used  by  Toor  and  associates  (see  Toor  [1]  for  a 
review)  and  provides  a  simplified  system  in  which  the  effects  of  mixing  and 
chemical  reactions  can  be  isolated.  The  DNS  results  are  compared  with  those 
obtained  by  calculation  based  on  C/D  closures  to  address  the  shortcomings 
associated  with  the  presently  used  C/D  models.  A  comparison  between  the 
results  of  simulations  and  Toor's  results  is  also  presented,  and  the  validity 
of  applying  Toor’s  hypothesis  for  initially  segregated  binary  scalar  field  is 
discussed.  Pure  mixing,  finite-rate,  and  infinitely  fast  reaction  rate  cal¬ 
culations  are  performed  to  examine  the  effects  of  chemistry  on  the  transport 
of  concentration  fluctuations.  Higher  order  concentration  moments  are  also 
calculated,  and  the  results  are  compared  with  calculations  based  on  C/D 
closures  to  further  study  the  sensitivity  of  high  concentration  moments  to 
chemistry. 

In  the  next  section,  the  methodology  of  direct  numerical  simulation  applied 
to  a  non-premixed  turbulent  flow  field  is  discussed.  A  brief  description  of 
the  geometrical  configuration  and  flow  initialization  are  also  given.  In 
Sections  3  and  4,  we  briefly  review  Toor’s  hypothesis  and  C/D  modeling  in 
anticipation  of  our  numerical  results,  which  are  presented  in  Section  5. 

These  results  are  used  to  examine  the  validity  of  Toor’s  hypothesis  and,  in 
general,  to  study  the  statistical  behavior  of  the  reacting  species.  The 
evolution  of  the  PDF  of  a  conserved  scalar  is  presented  to  further  clarify  the 
process  of  mixing  in  this  system.  Comparisons  of  the  simulation  results,  and 
those  of  various  C/D  models  are  also  made  in  this  section.  The  results  are 
summarized  in  Section  6 ,  and  we  also  summarize  and  present  the  conclusions  of 
our  findings. 

2.  DIRECT  NUMEELLCAL  SIMULATIONS 

The  subject  in  these  numerical  experiments  is  a  three-dimensional 
homogeneous  turbulent  ("box")  flow  field  under  the  Influence  of  an  isothermal 
binary  reaction  of  the  type  A  +  B  +  Products  (Fig.  1).  To  impose 
homogeneity,  periodic  boundary  conditions  are  employed  in  all  three  directions 
of  the  flow  identifying  the  "box”  as  a  homogeneous  member  of  a  turbulent 
universe.  This  periodicity  allo%/s  the  mapping  of  all  the  aerothermodynamical 
variables  from  the  physical  domain  into  a  Fourier  space  using  Fourier 
transforms.  Therefore,  rather  than  approximating  the  variables  on  discrete 
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grid  points  (which  is  usually  the  case  for  typical  finite  difference  schenes), 
they  are  represented  by  functions  passing  through  the  collocation  points. 

This  allo\fs  the  use  of  pseudospectral  nunerical  methods  for  simulating  the 
flow  in  the  wave  number  domain  [13].  Compared  to  typical  finite  difference 
schemes,  this  approach  has  the  advantage  of  resolving  the  various  small  scales 
of  the  flow  more  accurately  (and  in  fewer  grid  points),  making  it  more 


attractive  for  turbulence  simulations.  The  values  of  the  nondiraensional 


parameters  characterizing  the  flow  (i.e.,  Reynolds,  Peclet,  and  Damkohler 
numbers),  however,  must  be  kept  at  moderate  levels  to  ensure  the  accuracy  of 
the  simulations  (as  will  be  discussed  in  the  next  section). 


The  flow  field  is  initialized  by  zero  mean  velocity  and  random  three- 
dimensional  velocity  fluctuations.  These  fluctuations  have  a  specified  energy 
spectrum  and  are  imposed  in  such  a  way  to  satisfy  continuity  [14].  The  initial 
spectrum  used  in  these  simulations  is  given  by: 


E  (k)  =  £-.A - - 

^  (1  +  k^A^)^ 


This  spectrum  is  a  fairly  broad-banded  spectrum;  \  is  the  integral  length 


scale  and  determines  the  amplitude  of  the  fluctuations.  All  the 


variables  are  spectrally  approximated  on  N  =  64  collocation  points  within 
the  computational  domain.  The  spatially  homogeneous  flow  evolves  in  tine, 
and,  at  each  time  step,  N  defines  the  sample  data  size  for  the  purpose  of 
statistical  analysis.  A  forcing  mechanism  was  employed  to  keep  the  turbulence 
stationary  by  adding  energy  artificially  to  the  large-scale  notions.  This 
forcing  was  applied  in  such  a  way  to  compensate  for  small-scale  dissipation 
without  affecting  the  small-scale  statistics  of  Interest  [15].  The  scalar 
fields  are  defined  to  be  square  waves  with  the  two  reactants  out  of  phase  and 
at  stoichiometric  conditions.  This  is  shown  schematically  in  Fig.  1,  where  it 
is  seen  that  the  two  reactants  are  initially  unnlxed.  The  normalized  initial 
concentration  values  vary  only  in  Y-direction  and  are  constant  in  each  X-Z 
planes.  In  accordance  with  Toor's  hypothesis,  the  reactants  are  assumed  to 


have  Identical  diffusion  coefficients  and  are  introduced  at  stoichiometric 


conditions . 
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To  identify  the  nondinensional  groupings,  the  variables  are  nornaiized  by  a 
velocity  scale  characterizing  the  turbulence  (U^  =  Vu^^  '),  a  concentration  scale 
(Maxirauii  A  =  A^) ,  and  a  length  scale,  L^,  conveniently  chosen  such  that  the 
nondinensional  computational  domain  size  is  2 it.  With  such  normalization,  the 
nondinensionalized  instantaneous  transport  equations  are 


n  _  0  O 

Re  =  - 

V 

Reynolds  number 

(7) 

Schmidt  number 

(3) 

The  Damkohler  number,  the  Reynolds  number  and  the  Sclimldt  number  are  the 
important  nondinensional  groupings  that  appear  in  the  formulation.  The  value 
of  Sc  can  be  set  to  unity,  since  this  is  approximately  correct  for  gaseous 
reactants.  The  values  of  other  nondinensional  parameters  are  limited  by  the 
available  resolution  of  the  numerics  employed  in  the  computations.  For  both 
zero-rate  and  infinitely  fast  chemical  reactions,  solution  of  a  conserved 
scalar  variable  \/ith  no  chemistry  source  tsimilar  to  Eq.  (4)  with  W  =  0] 
predicts  the  conversion  rate.  For  finite-rate  chemistry,  the  full  solution  of 
Eq.  (4)  is  required. 
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3.  TOOR’S  HYPOTHESIS 


For  the  purpose  of  examining  Toor’s  hypothesis,  we  decompose  each 

tration,  A(x,t)  and  B(x,t,),  into  an  ensemble  mean  value  (denoted  by 

fluctuation  from  the  mean  value  (represented  by  small  letters): 

concen- 

<  >)  and  a 

A  =  <A>  +  a 

(9) 

B  =  <B>  +  b 

(10) 

The  transport  equations  governing  the  mean  values  are 

L(<A>,Pe)  =  L(<B>,Pe)  =  -<dJ> 

(11) 

<W>  =  Da(<A><B>  +  <ab>) 

(12) 

The  first  term  oa  the  right-hand  side  of  Eq.  (12)  is  the  homogeneous  mean 
rate,  and  the  second  term  is  the  unraixedness  term,  which  needs  to  be  modeled. 
This  term  can  be  written  in  normalized  form  [1]: 

’l'^(t)  =  <ab>  /<ab>  (13) 

t  o 

where  the  subscripts  t  and  o  refer  to  time  and  the  initial  time  (i.e.,  at  the 
inlet  of  the  plug  flow  reactor),  respectively.  A  conserved,  Shvab-Zeldovich 
scalar  variable,  J(x,t)  is  defined  by  [16] 

J(x,t)  =  A(x,t)  -  3(x,t)  (14) 

Turbulent  mixing  is  characterized  by  the  rms  of  the  Shvab-Zeldovich  variable: 

d^(t)  =  a^(t)/a^(o)  (15) 

2  2 

It  is  obvious  that,  in  the  limit  of  zero-rate  chemistry,  d  (t)  and  \|)  (t)  are 
identical: 
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la  the  iinit  of  infinitely  fast  chemistry,  under  stoichiometric  conditions,  and 
assuming  a  Gaussian  shape*  for  the  PDF  of  the  Shvab-Zeldovich  variable,  Toor 
showed  that 

-  to- 

Based  on  Eqs.  (16)  and  (17),  "oor  assumed  that 

d^(t)  =  \l»^(t)  for  any  Da  (18) 

Equation  (18)  defines  Toor's  hypothesis.  This  hypothesis  has  been  used  for 
calculations  of  a  variety  of  reacting  flows  (for  reviews,  see  Givi  [18]  and 
Brodkey  [19]).  In  this  paper,  its  validity  is  studied  by  means  of  numerical 
data  presented  in  Section  5. 

4.  COALESENCE/DISPERSION  MODELING 

The  general  C/D  model  is  expressed  by  a  transport  equation  for  the  PDF  of 
the  Shvab-Zeldovich  variable,  J(x,t)  [defined  by  P((5>,t)].  In  the  homogeneous 
flow  considered  here,  the  evolution  of  the  probability  is  given  by  Pope  [20]; 


3P(  .\t)  _ 


=  -2GnP(()),t)  +  2Gii  JJ  d())'d(J)'’p(  ())’ ,t)  p(())"t) 


r  1 

X  J  d  a  A(  a)  5[  4i  “  ( 1“  n)  4''  -  a(  +  b"  )  1 


The  kemal  A(a)  is  the  PDF  of  a,  and  the  random  variable  a  is  a  measure  of 
mixing.  The  function  A(a)  is  zero  outside  the  interval  (0,1)  and  is  non- 
negative  and  normalized  to  unity  within  (0,1).  The  parameter  B  is  defined  by 
Pope : 


(20) 


*Thls  assumption  can  be  relaxed  for  symmetric  PDFs  [17]. 


where 


a  = 
n 


n 

a 


A(a)da 


(21) 


Multiplying  Eq.  (19)  by  and  integrating,  the  time  evolution  of  the  standard 
deviation,  which  characterizes  turbulent  mixing,  is  defined: 


a(t) 


o(o) 


exp 


rt 

0 


a(t’)df 


(22) 


where  n  is  the  appropriate  turbulent  nixing  frequency  and  needs  to  be  specified. 

To  complete  the  closure,  the  function  A( a)  must  be  specified.  Different 
choices  of  A(a)  result  in  different  C/D  models.  Curl's  original  model  [5]  is 
defined  by  setting  A( a)  =  5(a  -  1).  The  closure  of  Janicka  et  al.  [4]  is 
equivalent  to  using  A(a)  =  1  v/ithin  [0,1].  The  Dopazo-0' Brlen  [3]  approxima¬ 
tion  is  recovered  by  setting  (Kosaly  and  Givi  [2]) 


A(a)  =  11m  5  (a  -  e)  (23) 

£-*•0 

Note  that  the  models  of  Curl  [5]  and  Dopazo  and  O'Brien  [3]  appear  as  two 
opposite  limiting  cases.  A( a)  =  6( a  -  1)  is  obviously  the  most  extreme  of  all 
Che  cases  that  peak  at  a  =  1  and  decrease  as  a  tends  to  zero.  A( a)  =  6(a  -  e) , 

£  -*-0,  at  Che  other  limit,  is  the  extreme  representative  of  the  physically 
acceptable  shapes  at  a  =  0  that  decrease  with  increasing  values  of  a.  The 
A( a)  =  1  choice  can  be  considered  to  be  halfway  between  the  two  extremes . 

Depending  on  the  shape  of  A(a),  obviously,  there  is  an  infinite  number  of 
choices,  each  leading  to  a  different  C/D  model.  The  sensitivity  to  the  choice 
of  the  model  can  be  expressed  by  examining  the  central  and  standardized  moments 
of  J(x,t),  defined  in  order  as 


Un^t)  =  J  <.°P(4.,t)d*  (24) 

—  a> 

Un(t)  =  u^(t)/a^(t)  (n  =•  1,2,  ...)  (25) 
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It  has  been  sho^m  by  Kosaly  and  Givi  [2]  that  the  first  three  rnonients  are 
independent  of  the  choice  of  A(a).  It  is  the  fourth  (and  higher  even 
nonents)  that  depend  on  the  A(a)  shape.  For  a  constant  fj, 

u^(t)  =  [3  +  11^(0)]  e^^*^  -  3  (26) 

where 

It  is  seen  that  all  Dodels  with  y  >  0  yield  -*•  oo  as  t  -*•  <»,  which  indicates 
the  shortcomings  associated  with  the  presently  used  C/D  models. 

The  above  relations  hold  for  any  inert  scalar,  i.e.,  species  A  without 
chemical  reactions.  In  the  presence  of  chemistry,  the  situation  is  markedly 
different  for  the  behavior  of  the  higher-order  concentration  moments.  In  the 
previous  work,  Kosaly  and  Givi  [2]  showed  that  only  the  Dopazo-0 * Brlen  closure 
results  in  equal  central  moments  in  the  presence  and  in  the  absence  of  chemical 
reaction,  and  employing  other  C/D  models  predicts  higher  concentration  moments 
under  reacting  conditions  than  those  under  nonreacting  conditions.  However, 
since  all  the  C/D  models  employed  arc  phenomenological  in  nature,  the 
examination  of  the  exact  role  of  chemistry  on  higher-order  concentration 
moments  was  not  possible.  Here,  examination  is  possible  by  means  of  numerical 
experiments,  as  discussed  in  the  next  section. 

5.  RESULTS  OF  NUMERICAL  EXPERIMENTS 

Computations  were  performed  on  a  cubic  domain  with  dimensions  of  2t\.  The 
values  of  the  Reynolds  and  the  Peclet  numbers  were  set  to  100,  so  that  the 

3 

simulations  would  be  accurately  resolved  on  a  64  grid.  The  Reynolds  number, 
based  on  the  Taylor  microscale  and  the  turbulence  rms  level  (this  is  the  non- 
dimensional  parameter  of  interest  for  describing  the  turbulence),  was 
approximately  50  throughout  the  calculations.  Calculations  were  performed  with 
zero-rate  chemistry  (Da  =  0),  Infinite  rate  chemistry  (Da  +  «>),  and  at  inter¬ 
mediate  finite  rates  (Da  =2,  8,  and  30)  to  assess  the  influence  of  the 
chemical  reaction  on  the  statistics  of  the  concentrations. 
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It  is  well  knovm  that  the  fornulation  based  on  a  one-point  PDF  [Eq.  (19)] 
does  not  include  any  information  about  the  mixing  frequency  (q).  This 
frequency  has  usually  been  modeled  by  ad  hoc  closures  [21]  but  can  be  evaluated 
from  the  results  of  our  direct  numerical  simulations.  A  discussion  on  the 
evaluation  of  mixing  frequency,  as  well  as  other  hydrodynamlcal  variables 
characterizing  the  turbulent  flow  field,  is  reported  elsewhere  (McMurtry  and 
Givi  [15])  and  is  not  repeated  here.  For  the  time  being,  the  influence  of  the 
turbulence  frequency  is  included  in  normalized  time,  which  is  defined  by 

t*  =  /  Q(t’)dt'  =  -In  (28) 

Q  OV  U  ) 

In  the  discussions  below,  this  normalized  time  is  used  to  exhibit  the  evolution 
of  the  chemical  quantities  that  are  of  Interest  to  mixing  and  reaction  of  the 
scalars . 

The  contours  of  one  of  the  reactants  (species  A)  are  chosen  for  the  purpose 
of  flow  visualization.  In  Figs.  2,  3,  and  4,  we  present  the  time  sequence 
development  of  these  contours  for  (a)  Da  =  0,  and  (b)  Da  oo.  These  figures 
represent  conditions  at  one  particular  X-Y  plane  cut  through  Z  =  10  (Fig.  1). 
IJondiraensional  times  of  t*  =  0.625,  t*  =  1.20,  and  t*  =  3  correspond  to  the  ■ 
case  when  the  average  concentration  of  species  A,  under  the  infinite  rate 
chemistry,  has  reduced  to  52%,  28%,  and  4.2%  of  its  initial  value,  respectively. 
These  figures  exhibit  the  effects  of  three-dimensional  turbulent  motion  on  the 
distortion  of  the  scalar  field  and  the  mixing  of  the  two  initially  segregated 
reactants  (with  parallel  contour  lines).  The  effects  of  chemical  reations  are 
to  increase  the  steepness  of  the  scalar  gradients  and,  obviously,  to  reduce  the 
instantaneous  values  of  the  reactants,  as  indicated  by  a  comparison  between 
parts  (a)  and  (b)  of  Figs.  2-4.  The  magnitude  of  this  reduction  increases 
with  the  Increase  in  the  value  of  the  Damkohler  number.  This  is  clearly  shown 
in  Fig.  5,  where  the  influence  of  chemical  reaction  on  the  consumption  rate  of 
the  reactant  concentration  is  presented.  It  is  indicated  in  this  figure  that, 
for  finite  values  of  Da,  the  combined  effects  of  mixing  and  reaction  are  to 
reduce  the  mean  concentration  of  the  reacting  species.  As  the  magnitude  of  the 
Damkohler  number  increases,  more  reactants  are  consumed  and  the  rate  of  decay 
increases  until  it  reaches  a  maximum  value  as  Da  *  in  this  limit,  the 
chemistry  does  not  play  any  role,  and  the  consumption  rate  is  determined  solely 
by  the  mechanism  of  the  molecular  nixing. 
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For  the  purpose  of  evaluating  the  C/D  closure,  the  results  of  predictions 
using  such  models  as  Da  -*■  are  presented  in  Fig.  6.  All  the  calculations 
using  C/D  models  were  performed  by  means  of  a  Monte-Carlo  numerical  method 
(Kosaly  and  Givi  [2])  in  a  configuration  with  an  identical  statistical  initial¬ 
ization  and  mixing  frequency,  as  used  in  the  DNS.  Implementation  of  the 
Monte-Carlo  method,  developed  originally  by  Pope  [22],  is  discussed  by 
Givi  et  al.  [21]  for  the  present  problem. 

Figure  6  Indicates  that,  at  initial  times,  the  results  of  numerical 
experiments  are  closest  to  those  of  predictions  using  the  Dopazo-O’Brlen 
closure.  This  is  mainly  due  to  the  fact  that  the  initial  stages  of  mixing  are 
realistically  described  by  those  members  of  the  family  of  C/D  models  \fith  an 
A(  a)  shape  concentrated  at  a  =  0  (for  a  theoretical  discussion,  see  Kosaly 
and  Givi  [2]).  The  Dopazo-O'Brien  closure  is  the  extreme  representative  of 
shapes  that  peak  at  a  =  0  and  decrease  with  increasing  values  of  a.  Other 
C/D  models  that  do  not  possess  this  property  for  the  shape  of  A( a)  are  not 
expected  to  result  in  realistic  predictions  at  the  initial  stages  of  mixing 
(Kosaly  and  Givi  [2]),  This  is  clearly  shown  in  Fig.  6  and  indicates  that,  as 
Curl's  model  is  approached  [i.e.,  A(a  )  =■  6(a  -  1)],  the  agreement  with 
the  results  of  numerical  experiments  gets  worse. 

At  later  times,  none  of  the  C/D  models  is  capable  of  accurately  predicting 
the  conversion  rate,  and  the  experimental  curve  falls  between  the  tv/o  cases 
given  by  Che  results  of  Janicka  et  al.  [4]  and  of  Dopazo-O’Brien.  This 
discrepancy  between  the  results  of  C/D  closures  and  those  of  DNS  is  attributed 
to  the  fact  that  none  of  the  C/D  models  results  in  acceptable  asymptotic 
(t  -►  oo)  behavior.  As  indicated  originally  by  Pope  [20]  and  later  by  Kosaly 
and  Givi  [2],  all  the  C/D  models  predict  Infinite  fourth  and  higher  even 
standardized  moments  t  -►  ®  for  the  conserved  Shvab-Zeldovich  scalar 
quantity,  J  [Eqs.  (26)  and  (27)].  The  exception  is  the  Dopazo-O'Brien  model, 
which  predicts  an  unphysical  constant  value  for  those  moments. 

The  asymptotic  behavior  of  scalar  mixing  cannot  be  predicted  by  a 
mathematical  theory,  and  its  determination  is  the  subject  of  our  numerical 
experiments.  The  time  evolution  of  the  PDF  of  the  random  variable  J(£,t)  is 
presented  in  Fig.  7.  As  shown  in  this  figure,  at  initial  times  (t*  3  0)  the 
PDF  is  composed  of  two  delta  functions  at  (>  =  +  1,  indicating  the  two  initially 
non-premixed  reactants.  As  mixing  proceeds,  the  gap  between  the  two  delta 
functions  is  filled,  and  the  original  two  delta  functions  smear  and  move  closer 
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Co  each  otlier.  At  raoderate  tines  (t*  s  1.5),  the  PDF  is  coiaposed  of  a  peak 
at  the  nixed  concentration  of  1=0,  and  proceeding  further  in  tine  results  in 
a  sharper  peak  at  this  nixed  concentration.  As  tine  proceeds,  it  seens  that 
the  PDF  is  approaching  a  self-sinilar  Gaussian  profile.  To  ascertain  this 
asynptotic  shape j  the  temporal  variations  of  the  standardized  moments  character¬ 
izing  the  PDF  must  be  examined.  The  standardized  fourth  ( moment  of  the 
variable  J(x, t)  is  presented  in  Fig.  8.  While  all  the  odd  moments  remain  in 
close  proximity  to  zero  (not  shovm  here).  Fig.  8  indicates  a  nonotontic 
increase  in  the  magnitude  of  all  the  even-order  moments.  In  this  experiment, 
the  values  of  the  kurtosis,  superske^raess  and  superkurtosis  approach  the 

values  of  =  2.9,  n,  =  13.9,  and  =  98,  respectively.  A  comparison  of 
4  O  O  ^  ^ 

these  values  with  those  of  a  Gaussian  profile  (i.e.,  =3,  ^  15,  Ug  =  105) 

Indicates  that  the  approximation  of  a  Gaussian  PDF  for  the  final  stages  of  mix¬ 
ing  of  a  conserved  scalar  is  well  justified  and  is  in  agreement  with  the  find¬ 
ings  of  some  recent  experimental  results  [23,24].  Note  that  the  accuracy  of 

3 

our  statistics  is  limited  by  the  size  of  the  data  sample,  i.e.,  64  .  Future 

3 

Future  higher-resolution  simulations  (i.e.,  128  or  higher)  might  improve  the 
accuracy  and,  therefore,  might  result  in  better  agreements  for  higher-order 
moments.  In  Fig.  8,  the  temporal  variation  of  the  kurtosis  obtained  by  C/D 
modeling  is  also  presented.  The  unacceptable  behavior  of  the  models  of  Curl 
and  Janicka  et  al.  in  predicting  a  continuously  increasing  fourth-order  moment, 
and  also  the  nonphysical  constant  value  of  the  kurtosis  predicted  by  the 
Dopazo-0 ' Brien  model,  are  shown  in  this  figure. 

The  Influence  of  chemical  reactions  on  the  decay  rate  of  the  unmlxedness  is 

2  2 

shown  in  Fig.  9.  In  this  figure,  the  ratio  (>?  /d  )  is  presented  versus  normal¬ 
ized  time  for  zero-rate,  infinitely  fast  rate,  and  three  intermediate  rates 
(Da  =  2,  Da  =  8,  Da  =  30)  chemical  ractlons.  For  zero-rate  chemistry,  the 
ratio,  as  expected,  remains  at  unity.  For  the  reacting  cases  at  the  initial 
time  (t*  =  0),  the  influence  of  chemistry  is  nil.  At  later  times,  however,  the 
values  of  the  unmlxedness  for  the  reacting  cases  are  lower  than  those  under 
zero-rate  chemistry.  This  is  in  contrast  with  Toor's  hypothesis  and  indicates 
that  the  decay  rate  of  the  unmlxedness  is  not  independent  of  the  chemical 
reactions  and  depends  on  the  magnitude  of  the  local  Damkohler  number.  A  theo¬ 
retical  discussion  on  the  lack  of  agreement  with  Toor’s  hypothesis  is  given  by 
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Givi  and  HcMurtry  [25],  who  showed  that,  for  initially  non-premixed  reactants, 
Toor's  hypothesis  should  be  modified  by  replacing  Eq.  (17),  at  a  temporal 
asymptote,  with 


C  d^(t)  =  lim  'l'^(t) 


(29) 


where  the  constant  C  is  detertoined  from  the  asymptotic  shape  of  the  PDF  of  J, 
i.e.,  P(()),t) 


C  =  4 


(30) 


This  modification  of  Toor's  hypothesis  is  due  to  the  fact  that  the 
evolution  of  P(4>,t)  from  its  initial  binary  shape  to  its  asymptotic  profile 
(Fig.  7)  cannot  be  characterized  by  the  first  two  moments  (i.e.,  0  and  a). 
Therefore,  Toor's  hypothesis,  which  is  based  on  the  assumption  of  Gaussian 
PDFs  at  all  times,  is  not  appropriate  in  this  case,  and  Eq.  (18)  must  be 
replaced  by  Eq.  (16)  for  zero-rate  and  Eq.  (29)  for  Da  »  at  the  temporal 
asymptote.  For  an  asymptotic  Gaussian  PDF,  i.e.. 


the  value  of  the  constant  C  in  Eq.  (30)  would  be 


C 


2 

n 


(31) 


(32) 


which  is  the  same  as  that  given  by  Kosaly  [26]. 

The  validativ-a  of  this  modification  is  clearly  represented  in  Fig.  9. 

2  2 

Note  that  the  ratio  of  ii;  (t)/d  (t)  is  always  between  unity  and  0.64  =  2/ir. 

Also,  note  that  the  modification  of  the  hypothesis  [Eq.  (29)]  is  valid  only  for 
Da  -►  ®  at  the  temporal  asymptote.  For  finite-rate  chemistry  and  intermediate 
times,  the  application  of  the  hypothesis  is  not  valid  and  full  numerical 
simulations  are  required. 

The  results  of  our  numerical  experiments  are  further  examined  to  study  a 
recent  result  of  Hsieh  and  O'Brien  [27],  who  found  that  higher-concentration 
moments  are  not  sensitive  to  chemistry.  The  possible  reason  behind  this 
finding  is  investigated  by  comparing  infinite-rate  chemistry  and  pure  mixing 
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results  in  Figs.  10  and  11.  In  these  figures,  the  skewness  and  the  kurtosis 
of  species  A  are  presented.  For  the  purpose  of  comparison,  the  results 
obtained  by  employing  various  C/D  models  are  also  presented  and,  for  each 
case,  two  curves  are  shown:  one  without  chemistry  and  another  with  infinite- 
rate  chemistry.  It  is  clearly  observed  that,  in  the  Dopazo-0 ' Brien 
approximation,  the  two  curves  coincide,  whereas  the  results  of  Curl’s  model 
show  a  maximum  difference  between  the  two  curves.  In  each  case,  the 
standardized  moments  are  higher  for  the  reacting  scalar  than  for  the  conserved 
scalar.  As  the  moments  of  the  nonreacting  scalar  approach  the  asymptotic 
values  corresponding  approximately  to  those  of  a  Gaussian  distribution,  the 
moments  of  the  reacting  scalar  approach  higher  values ,  which  Indicates  that 
the  assumption  of  a  Gaussian  distribution  for  the  reacting  scalar  is  not  well 
justified.  These  results  confirm  Kosaly  and  Givi’s  speculations  that  it  is 
the  use  of  moderate  rate  chemistry  by  Hsieh  and  O’Brien  [27]  that  makes  the 
skewness  and  Kurtosis  values  similar  to  those  calculated  with  pure  mixing. 
Increasing  the  rate  of  chemical  reactions  would  probably  change  the  results  of 
Hsieh  and  O'Brien  considerably. 

Figures  10  and  11  further  indicate  that  the  results  of  our  numerical 
experiments  fall  between  those  of  predictions  using  the  closures  of 
Dopazo-0’ Brien  and  Janlcka  et  al.  Therefore,  a  closure  model  between  the  two 
approximations  may  be  used  for  the  purpose  of  predicting  the  intermediate 
stages  of  mixing.  At  the  later  stages  of  the  developments,  however,  none  of 
the  C/D  models  are  satisfactory  in  that  they  all  (except  the  Dopazo-0 ’Brien 
model)  predict  an  increase  without  bound  of  all  the  fourth  and  higher  order 
moments . 

Pope  [20]  made  an  attempt  to  remedy  this  problem  by  introducing  an  age- 
biasing  technique  that,  together  with  an  appropriate  A(  a)  shape  [(Eq.  19)], 
would  result  in  an  asymptotic  Gaussian  PDF.  Although  such  a  technique  is  very 
successful  in  predicting  the  asymptotic  behavior  correctly,  the  shapes  of 
A(a)  suggested  by  Pope  do  not  predict  the  initial  stages  of  mixing 
accurately  [28].  The  results  of  direct  numerical  simulations  presented  here 
will  be  very  useful  in  optimizing  the  A(  a)  shape,  as  well  as  in  developing 
an  age-biasing  technique  that  can  be  used  to  predict  the  mechanism  of  mixing, 
both  at  the  initial  time  and  at  asymptotic  times. 
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6.  CONCLUSIONS 

A  pseudospectral  algorithm  has  been  employed  to  study  the  mechanism  of 
mixing  and  reaction  in  a  non-premlxed ,  three-dimensional,  homogeneous  turbulent 
flow.  The  evolution  of  the  species  field  in  an  isothermal,  one-step,  stoichio¬ 
metric  reaction  of  the  type  A  +  B  -►  Products  was  the  subject  of  investigations 
in  our  numerical  experiments.  Calculations  were  performed  for  zero-rate, 
infinitely  fast-rate,  and  intermediate  moderate  finite-rates  chemical  reactions 
to  assess  the  influence  of  chemistry  on  the  transport  of  the  scalar  variables. 

Mixing  is  characterized  by  the  evolution  of  a  Shvab-Zeldovich  conserved 
scalar  quantity,  J(x, t),  defined  by  Eq.  (14).  The  results  of  our  numerical 
simulations  indicate  that  the  PDF  of  J,  i.e.,  P(ij),t),  evolves  from  its 
initial  double-delta  function  distribution  to  an  asymptotic  shape,  which  can 
be  approximated  by  a  Gaussian  distribution.  During  this  evolution,  the  PDF 
cannot  be  characterized  by  its  first  two  moments  (except  when  it  adopts  the 
asymptotic  Gaussian  shape).  Therefore,  the  application  of  Toor’s  hypothesis 

is  not  appropriate  for  the  prediction  of  the  conversion  rate  in  such  flows. 

2  2 

The  results  indicate  that,  while  Toor’s  hypothesis  ( 'i'  =  d  )  is  valid  for  zero- 

2  2 

rate  chemistry  (Da  =  0),  it  should  be  modified  by  ( y  =  Cd  )  for  Da  -*•  oo  and  at 
a  temporal  asymptote.  The  parameter  C  is  determined  by  the  asymptotic  shape  of 
the  P(  .j))  [Eq.  (30)].  In  the  present  experiment  where  P(  i}i)  adopts  a  Gaussian 
asymptotic  profile,  the  value  of  this  constant  is  equal  to  2/ it,  which  is 
consistent  TTit’n  that  given  by  Kosaly  [26]. 

The  results  of  numerical  experiments  are  further  compared  with  those 
obtained  by  employing  various  C/D  mixing  models  applied  to  a  homogeneous  flow 
with  the  same  statistical  initialization.  The  results  indicate  that  the 
initial  stages  of  the  mixing  process  are  well  predicted  by  applying  the 
Dopazo-O'Brien  [3]  closure.  As  mixing  proceeds  at  intermediate  times,  the 
experimental  results  fall  between  those  obtained  by  the  two  closure  models  of 
Dopazo-O’Brien  and  Janicka  et  al.  [4].  Therefore,  a  c/D  model  between  these 
two  closures  is  expected  to  result  in  favorable  comparison  with  our 
experimental  data.  The  final  stages  of  mixing  are  not  well-predicted  by  any 
of  the  C/D  models  in  that  all  of  the  closures  predict  an  Increase  without 
bounds  of  the  fourth  and  higher-order  concentration  moments.  The  exception  is 
the  Dopazo-O'Brien  model,  which  predicts  unphysical  constant  moments  during 
all  stages  of  mixing.  This  shortcoming  associated  with  C/D  modeling  has  been 
previously  recognized  by  Pope  [20],  who  suggested  an  Improved  mixing  model  by 
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introducing  an  age-biasing  technique  to  the  C/D  raodellng.  This  Improved  model 
is  plausible  in  that  it  results  in  a  Gaussian  asymptotic  PDF;  however,  it  is 
not  capable  of  predicting  the  Initial  stages  of  mixing  accurately.  The  results 
of  our  numerical  experiments  can  be  useful  for  constructing  a  mixing  model  (or 
models)  that  can  accurately  predict  all  stages  of  the  molecular  mixing.  Such 
a  task  is  one  of  the  goals  of  our  ongoing  investigations. 

While  the  assumption  of  a  Gaussian  asymptotic  PDF  is  well  justified  for  the 
conserved  scalar  quantities  (e.g.,  J) ,  our  experiments  show  that  this  is  not 
the  case  for  the  reacting  scalars.  The  results  of  our  direct  numerical 
simulations  indicate  that  the  higher  moments  (third,  fourth,  ...)  of  the 
species  under  reacting  conditions  increase  faster  than  those  under  no  chemical 
reaction.  This  is  consistent  with  that  found  by  C/D  modeling  and,  again,  the 
experimental  results  fall  between  the  two  closures  of  Dopazo-0' Brien  and 
Janicka  et  al.  In  all  the  comparisons  with  C/D  modelings,  our  results  show 
the  greatest  deviations  from  those  obtained  by  using  the  Curl's  model  and 
iadicace  that  the  models  of  Janicka  et  al.  and  Dopazo-0 ' Brien  bracket  the  range 
of  the  C/D  models  that,  in  conjunction  uitli  an  appropriate  age-biasing 
technique,  can  predict  our  experimental  results  accurately.  Thus,  questions 
such  as  "Does  such  model  predicting  a  correct  PDF  evolution  exist?"  and  if  so, 
”Is  it  universal?"  are  to  be  addressed  in  future  studies. 

At  this  point,  it  should  be  pointed  out  that  all  the  C/D  models  evaluated 

here  are  mainly  used  for  single-point  PDF  closures.  This  requires  the 

introduction  of  a  mixing  frequency  into  the  formulation,  as  defined  by 

Eq.  (22).  Employing  the  results  of  direct  numerical  simulations  to  evaluate 

(or  to  generate)  models  for  more  than  one-point-level  closures  [29,  30]  remains 

to  be  a  challenging  task.  Also,  it  must  be  mentioned  that  the  simulations 

presented  here  are  similar  to  most  of  the  laboratory  investigations  in  that 

they  include  the  results  of  only  one  experimental  realization.  More  future 

numerical  experiments  with  different  initializations  and  possibly  with  better 

3  3 

numerical  resolutions  (i.e.,  128  or  256  grids)  would  be  logical 
extensions  of  the  present  work.  The  rapid  advancements  in  super-computer 
technology  and  the  expected  better  capabilities  of  such  machines  in  the  future 
will  play  significant  roles  in  the  continuation  of  the  work  presented  here. 
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FIGURE  CAPTIONS 


!• 


P’iRure  1. 


Geometrical  configuration  showing  a  schematic  diagram  of  the 
initial  instantaneous  reactant  concentrations. 


Figure  2, 


Two-dimensional  plots  of  species  A  contours  at  t*  =  0.625. 
Contour  interval  is  0.05.  (a)  Da  =  0,  contour  minimum  is  0, 

contour  maximum  is  0.9.  (b)  Da  ->■  contour  minimum  is  0, 

contour  maximum  is  0.9. 


Figure  3. 


Two-dimensional  plots  of  species  A  contours  at  t*  =  1.20.  Contour 
interval  is  0.05.  (a)  Da  =  0,  contour  minimum  is  0.10,  contour 

maximum  is  0.75,  (b)  Da  *  <»,  contour  minimum  is  0,  contour 
maximum  is  0.65. 


Figure  4. 


Two-dimensional  plots  of  species  A  contours  at  t*  =  3.  Contour 
inteval  is  0.005.  (a)  Da  =  0,  contour  minimum  is  0.370,  contour 
maximum  is  0.495.  (b)  Da  -*■  m,  contour  minimum  is  0,  contour 
maximum  is  0.135. 


Figure  5. 


<A>t-/ <A>o  versus  time  for  various  values  of  the 
Damkohler  number. 


Figure  6. 
Figure  7. 
Figure  8. 
Figure  9. 
Figure  10, 


<A>^/ <A>o  versus  time  for  Da  -►  oo. 

Temporal  evolution  of  P((t),t). 

Kurtosis  of  the  random  variable  J(x, t)  versus  tine. 

y^/d2  versus  time  for  various  values  of  the  Damkohler  number. 


Skewness  of  species  A  versus  time  with  infinite  rate  chemistry  and 
with  pure  laixing.  In  the  pure  mixing  case,  the  ske\mesc  is  zero. 


Figure  11. 


Kurtosis  of  species  A  versus  time  with  infinite  rate  chemistry 
with  pure  mixing. 
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